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by 
Ian Wiley Honsberger 
University of New Hampshire, September, 2015 
 
 The Neoproterozoic to Early Paleozoic metamorphic, deformational, geochemical, and 
tectonic history of the Vermont Appalachians is preserved in ultramafic, mafic, and pelitic rocks 
exposed west of the Iapetan suture zone in the Green Mountain and Rowe Slices of Vermont.  
Whole-rock geochemical analyses of polymetamorphosed amphibole-bearing mafic rocks within 
this zone are consistent with subalkaline basalt/gabbro protoliths that varied regionally with 
respect to REE concentrations inherited during crystallization.  The mafic rocks that are in 
contact with ultramafics preserve MORB signatures, while the mafic rocks that are not in contact 
with ultramafics preserve REE signatures that range from MORB and OIB to signatures more 
enriched than OIB.  Whole-rock geochemical relationships of the mafic rocks fit well into a 
tectonic model involving the emplacement of mafic crust that evolved geochemically through 
time as rift-related magmatism progressed in the Neoproterozoic during the break-up of Rodinia 
and the development of the Iapetus Ocean basin. 
 New evidence for subduction of the Iapetan Ocean basin during the Taconian Orogeny 
comes from the metamorphic petrology and structural relationships of an ultramafic-mafic-pelitic 
xix 
 
mélange in Stockbridge, Vermont that formed in the Taconian subduction zone.  
Polymetamorphosed mafic units in Stockbridge are intercalated with pelitic meta-sediment along 
a Taconian fabric, which is juxtaposed against fault-bounded, partially carbonatized serpentinite 
lozenges that are multiply-deformed.  In general, the lithologic relationships and structural styles 
preserved in Stockbridge are similar to those preserved in subduction zone rocks of the Tillotson 
Peak and Belvidere Mountain Complexes farther north.  New geothermobarometric estimates 
derived from pseudosection analyses of eclogite from the Tillotson Peak Complex and 
amphibolite from the Belvidere Mountain Complex show peak Taconian metamorphism at 2.5 
GPa and 1.2 – 1.3 GPa, respectively. 
In Stockbridge, geothermobarometric estimates derived from pseudosection analyses of 
mafic assemblages containing chemically-zoned amphibole indicate that peak Taconian 
metamorphism of the mafic units occurred between 0.8 GPa and 1.4 GPa and involved the 
growth of barroisite, winchite, and magnesio-hornblende.  Variable amphibole chemistry 
coupled with interpretative changes in mineral parageneses through time describes retrograde 
pressure-temperature decompression paths that culminated with the growth of actinolite in the 
mafic rocks at or below 0.5 GPa.  For the ultramafics in Stockbridge, pseudosection analyses 
indicate that hydration-induced peak Taconian metamorphism occurred at 2.0 GPa and 
carbonatization overprint accompanied decompression to 0.4 GPa, the pressure at which the 
ultramafics were partially chloritized.  Conditions of peak metamorphism for the ultramafics in 
Stockbridge are consistent with a mantle wedge source, while the mafic rocks in Stockbridge 
were either derived from a Taconian slab or are volcaniclastic remnants of a Taconian 
accretionary wedge.  Consistent with geochronological data from polymetamorphosed mafic 
rocks throughout Vermont (e.g. Laird et al., 1984), both actinolite and chlorite overprint in the 
xx 
 
mafic rocks in Stockbridge and chlorite overprint in the ultramafics are interpreted to be a result 
of Acadian orogenesis. 
Low-viscosity channels composed of hydrated ultramafics, partially molten sediment, 
and partially molten crust provided exhumation pathways for the high pressure mafic and 
ultramafic rocks in Vermont.  Lithological packages such as the Tillotson Peak Complex, the 
Belvidere Mountain Complex, and the Stockbridge mélange were assembled within these 
exhumation channels as different lithologies were exhumed from the Taconian subduction zone. 
Accordingly, these ultramafic, mafic, and pelitic subduction zone remnants in Vermont are ideal 




The geological research presented herein was carried-out over five years of study in the 
Natural Resources & Earth Systems Science – Earth and Environmental Sciences program at the 
University of New Hampshire.  My dissertation research addresses and invokes questions 
regarding Neoproterozoic to Early Paleozoic tectonics in the northern Appalachian Mountains of 
Vermont.  The majority of the data presented throughout the text come from detailed lithological, 
petrological, structural, and geochemical studies of an ultramafic-mafic-pelitic mélange in 
Stockbridge, Vermont that is exposed in the Ottauquechee Formation on the east-central flank of 
the Green Mountain Anticlinorium.  Petrological and geochemical data are also presented for  
other mafic rocks within the Ottauquechee Formation to the north and east of Stockbridge and, as 
well, for mafic bodies north of Stockbridge within the Hazens Notch, Fayston, Pinney Hollow, 
and Stowe Formations.   
This manuscript is subdivided into 4 chapters.  Chapter I discusses the deformation and 
metamorphism of the Stockbridge mélange in the context of Early Paleozoic subduction of the 
Iapetan Ocean basin during Taconian Orogenesis.  In Chapter II, the polymetamorphic Taconian 
subduction zone reactions involved in the formation of the ultramafic portions of the mélange are 
derived and analyzed with respect to variations in modal mineralogy through time.  The reactions 
presented in Chapter II are then calibrated with respect to pressure and temperature in Chapter 
III, which provides overarching insight into the role of ultramafic rocks on subduction and 
exhumation dynamics in general.  In Chapter IV, geochemical data and pressure-temperature 
paths of mafic rocks containing chemically zoned amphiboles to the east and north of 
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Stockbridge are presented and analyzed with respect to a regional tectonic context involving the 
formation and subsequent subduction of the Iapetus Ocean basin.  Chapter V concludes the 
dissertation with a discussion of the potential subduction zone mechanisms involved in the 
exhumation and emplacement of high pressure rocks throughout the Vermont Appalachians and, 
as well, addresses ideas for future research. 
Chapters I – IV are all self-contained because they will be submitted for publication as 
separate journal articles.  This lead to some duplication in descriptions of methods between 
chapters.  I plan to submit Chapter I and Chapter IV to the American Journal of Science, Chapter 




A subduction mélange in Stockbridge, Vermont: Polymetamorphism resulting from 
subduction and exhumation   
 
Abstract 
Geologic mapping at a scale of 1:3000 and metamorphic petrology shows that a fault-
bounded lithologic package of ultramafic, mafic, and pelitic rocks in Stockbridge, Vermont is an 
exhumed subduction zone mélange embedded in graphitic phyllite of the Ottauquechee 
Formation.  Isolated metamorphosed mafic bodies intercalated with metamorphosed pelitic 
sediment preserve unique pressure-temperature histories indicating that these mafic bodies are 
different Taconian subduction zone fragments exhumed from various depths.  Perple_X 
geothermobarometry indicates that the highest pressure of metamorphism preserved in 
Stockbridge occurred at ~1.4 GPa and ~520°C and coincided with the growth of barroisite and/or 
winchite, while the highest preserved temperature of metamorphism occurred between  ~550 – 
520°C and ~0.8 GPa and resulted in the growth of tschermakite and rutile.  Furthermore, 
magnesio-hornblende was stable over a wide-range of pressures and temperatures from ~1.2 GPa 
to ~0.2 GPa and ~490°C to ~400°C and actinolite overprint of barroisite, winchite, tschermakite, 
and magnesio-hornblende occurred at ~0.2 – 0.4 GPa and ~390°C.  The present intercalation of 
the mafic bodies with ultramafics and pelitic sediments may be a result of tectonic assembly 





 The Vermont Appalachians preserve a complicated tectonic history that spans a Wilson 
Cycle involving the generation and consumption of the Iapetus Ocean basin (Stanley et al., 1984; 
Stanley and Ratcliffe, 1985; Karabinos et al., 1998; Kim et al., 2003; Thompson and Thompson, 
2003; Coish, 2010; Macdonald et al., 2014).  Rifting of the ancient supercontinent, Rodinia, in 
the Neoproterozoic involved the eruption of tholeiitic basalts and felsic volcanics in the northern 
Appalachians and ultimately resulted in the development of the Iapetus ocean basin (Kumarapeli 
et al., 1989; Coish, 1997; Walsh and Aleinikoff, 1999; Kim et al., 2009; Hatcher, 2010; Coish et 
al., 2012; O’Brian and van der Pluijm, 2012; van Staal et al., 2012; Waldron et al., 2014).  The 
closure of Iapetus was initiated in the Cambrian along an eastward dipping subduction zone 
(present-day coordinates) and culminated during the Taconian Orogeny as the Shelburne Falls 
volcanic arc and various Peri-Gondwanan terranes collided with Laurentia (Stanley and 
Ratcliffe, 1985; Karabinos et al., 1998; Kim et al., 2003; Thompson and Thompson, 2003; 
Zagorevski et al., 2012; Macdonald et al., 2014).  Remnants of the Taconian subduction zone are 
expressed presently north to south as metamorphosed ultramafic, mafic, and pelitic rocks 
adjacent to the trace of the Iapetan suture throughout central Vermont (Ratcliffe et al., 2011).  
The entire accreted Taconian sequence was ultimately overprinted by deformation and 
metamorphism associated with Acadian orogenesis (Laird et al., 1984; Castonguay et al., 2011).   
 The purpose of this study is to present new mapping results and petrological data from an 
ultramafic-mafic-pelitic rock package in Stockbridge, Vermont that bears lithologic similarity to 
the Tillotson Peak Complex and Belvidere Mountain Complex in northern Vermont (Figures 1.1 
and 1.2).  The outcomes of this work elucidate details regarding the conditions of subduction 
zone polymetamorphism in Stockbridge, which are central to understanding the associated Early 
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Paleozoic tectonic dynamics responsible for the assembly of ultramafic, mafic, and pelitic 
fragments in Vermont.  Ultimately, the petrologic and tectonic implications of this study may 
provide important constraints on active subduction zone dynamics at depth in modern-day 
environments.  
Regional geology  
A north-south trending unconformity spanning the length of central Vermont separates 
Silurian-Devonian rocks of the Connecticut Valley Trough in eastern Vermont from pre-Silurian 
rocks in western Vermont (Ratcliffe et al., 2011).  The pre-Silurian section is comprised of 
Laurentian basement gneiss of the Green Mountain Massif that is covered by a sequence of rift-
clastics, slope-rise deposits, distal oceanic sediments, and passive margin sediments, in order 
from bottom to top, with metamorphosed mafic metavolcanics present throughout the rift-clastic 
section and metamorphosed mafic and ultramafic bodies exposed within the slope-rise deposits 
and distal oceanic sediments (Thompson and Thompson, 2003; Hibbard et al., 2006; Ratcliffe et 
al., 2011).  The different sections of the pre-Silurian cover sequence are expressed presently as 
fault-bounded lithotectonic slices, which were deformed to varying intensities and 
metamorphosed to varying grades as Peri-Laurentian and Peri-Gondwanan terranes were 
accreted to the continental margin of Laurentia in the Early Paleozoic (Laird et al., 1984; Stanley 
and Ratcliffe, 1985; Karabinos et al., 1998; Kim et al., 2003; Thompson and Thompson, 2003; 
Ratcliffe et al., 2011; Macdonald et al., 2014).   
The passive margin assemblage in Vermont is composed of proximal sandstones, 
carbonates, and shales (i.e. carbonate shelf and Champlain Slice) and is well exposed in the 
northwest (Ratcliffe at al., 2011) (Figure 1.1).  The metamorphosed rift clastics, slope-rise 
deposits, and oceanic sediments covering the basement rocks are well exposed east of the passive 
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margin sequence in central and northern Vermont (Ratcliffe et al., 2011) (Figure 1.1).  The 
exposed cover rocks west of the Green Mountain Massif in southwestern Vermont are distal 
slates of the Taconic allochthon (Ratcliffe et al., 2011) (Figure 1.1).    
The Prospect Rock thrust (PRT) is an early Taconian deformed thrust that separates the 
Green Mountain slice (GMS) from the overlying Prospect Rock slice (PRS) (Thompson and 
Thompson, 2003; Ratcliffe et al., 2011) (Figure 1.1).  The GMS encompasses allochthonous rift 
clastics and slope-rise deposits of the Fayston, Hazens Notch and Pinney Hollow Formations, 
while the PRS includes slope-rise deposits, distal oceanic sediments, metamorphosed basalts, and 
ultramafic rocks of the Ottauquechee, Jay, and Stowe Formations (Thompson and Thompson, 
2003; Ratcliffe et al., 2011).  The PRT is interpreted to represent the sole of a Taconian 
accretionary prism (Thompson and Thompson, 2003).  Another early Taconian deformed thrust 
places the GMS on top of autochthonous rift clastics of the Underhill and Pinnacle Formations 
(Thompson and Thompson, 2003; Ratcliffe et al., 2011).   
 Metamorphic Overview 
Constraints on the spatial distribution of conditions and timing of metamorphism within 
the GMS and PRS were presented by Laird et al., 1984 for mafic rocks containing amphiboles 
zoned compositionally from core to rim.  In the south along the eastern flank of the Green 
Mountain Massif, mafic rocks record medium pressure Acadian metamorphism, while mafic 
rocks north of the Green Mountain Massif record medium, medium-high, and high-pressure 
Taconian metamorphism that is overprinted by medium pressure Acadian metamorphism.   
Intercalated blueschist, eclogite, and glaucophane-bearing pelitic sediments and fault-
bounded ultramafics comprise the Tillotson Peak Complex (TPC) in the northern section of the 
PRS (Figure 1.1) and preserve the highest pressure Taconian subduction zone metamorphism in 
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Vermont (Laird and Albee, 1981a; Laird et al., 1984; Laird et al., 1993).  Adjacent to the south in 
the PRS, the Belvidere Mountain Complex (BMC) (Figure 1.1) is a metamorphosed oceanic 
mélange composed of partially serpentinized ultramafics, barroisite-bearing amphibolite, and 
pelitic sediments that formed under medium-high pressure along the Taconian subduction zone 
(Gale, 1980; Laird and Albee, 1981b; Doolan et al., 1982; Laird et al., 1984; Stanley and 
Ratcliffe, 1985; Laird and Honsberger, 2013).  East of the Lincoln Massif, barroisite-bearing 
greenstone occurs in the Pinney Hollow Formation (i.e. GMS) at Granville Notch (Figure 1.1) 
and is interpreted to preserve medium-high pressure Taconian subduction zone metamorphism 
(Laird et al., 1984).  Medium pressure Taconian metamorphism is recorded by amphibolite in the 
Stowe Formation (i.e. PRS) in the Worcester Mountains (Figure 1.1), while medium-high 
Taconian metamorphism occurs adjacent to the southwest in a thin lens of the GMS (Laird et al., 
1984; Kim et al., 2009; Castonguay et al., 2011).  
Although Taconian metamorphism in Vermont is documented north of the Green 
Mountain Massif, the southern geographical limit and the precise pressure and temperature 
conditions of Taconian subduction zone metamorphism are still in question because strong 
Acadian overprint obscures much of the structural and metamorphic history.  Intercalated 
ultramafic, mafic, and pelitic rocks within the Ottauquechee Formation in Stockbridge, Vermont 
are interpreted to preserve Taconian and Acadian structures at a scale finer than 1:24,000 (Walsh 
and Falta, 2001), but have never been mapped in detail to elucidate such a pattern.  
Lithologically, the mélange in Stockbridge is comparable to the well-studied BMC (Doolan et al, 
1982; Thompson and Thompson, 2003) and sits in a comparable structural position within the 
regional terrane, essentially between the PRS and the GMS (Figure 1.1).  Despite having 
similarities to the BMC, the Stockbridge mélange has never been examined structurally and 
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petrologically in detail.  Unraveling the metamorphic, deformational, and tectonic histories of 
rocks in Stockbridge allows for a more complete description of Taconian subduction zone 
dynamics in the northern Appalachians. 
Amphibole Composition Space 
 Variations in amphibole compositions have been central to understanding the 
polymetamorphic history of the Vermont Appalachians because they are dictated by changes in 
metamorphic grade and facies series (Laird, 1980; Laird and Albee 1981b; Laird et al., 1984).  
When condensed on the FeMg-1 simple substitution, the composition space of amphibole is 
spanned by 3 linearly independent coupled substitution vectors that originate from tremolite and 
are defined as: AlVIAlIVMg-1Si-1 (TK), NaM4SiCa-1AlIV-1 (PL), and NaAAlIV□-1Si-1 (ED) 
(Thompson et al., 1982; Hawthorne et al., 2012).  The magnitudes of TK and PL substitutions in 
amphibole, respectively, increase with increasing temperature and pressure (Thompson and 
Laird, 2005).  Accordingly, glaucophane is stable to the highest pressure, tschermakite to the 
highest temperature, and tremolite to the lowest pressure and temperature.  Compositions falling 
between these endmembers presumably record intermediate pressure-temperature conditions.   
Although correlations between amphibole composition and metamorphic grade are well 
established theoretically, experimentally, and supported by field observations (e.g. Liou et al., 
1974; Laird, 1980; Laird and Albee, 1981b; Spear, 1981; Thompson et al., 1982; Thompson and 
Laird, 2005), thermodynamically-based geothermobarometric modeling is still required to define 
precise conditions of compositionally variable amphibole growth.  This research integrates field 
and petrographic observations, mineral and whole-rock chemistry, and pseudosections to 
construct pressure-temperature paths that involve the polymetamorphism of compositionally 







Figure 1.1. Generalized bedrock geological map of Vermont showing the various slices, 
terranes, and complexes mentioned in text. Stockbridge, Vermont is located at the black circle 
along the trace of ultramafics (dashed line). The eastern boundary of the Moretown Terrane 
marks the Silurian unconformity. Bold black line traces the PRT. Modified from Thompson and 











  Field Mapping and Sample Collection 
Detailed mapping of a ~1 kilometer long by ~300 meter wide ultramafic-mafic-pelitic 
lithologic package in Stockbridge, VT was conducted at a scale of 1:3000.  A series of east-west 
traverses were conducted initially in order to constrain the major north-south-trending contacts 
that dominate the regional geology, while subsequent north-south transects were carried-out to 
resolve the complicated intercalation of the ultramafic, mafic, and pelitic rocks.  Each outcrop 
encountered was described in detail and structures were measured using a Brunton compass.  
Structural data were compiled as text files and transformed into lower hemispheric projections 
using the computer program, GEOrient (Holcomb, 2015), and used to construct cross-sections.  
Faults were inferred from truncation of lithologic units at outcrop scale.  Ninety-five samples 
were collected and further described in hand sample and in thin section: 46 mafic samples, 32 
pelitic samples and 17 ultramafic samples.   
Petrography 
Petrographic thin sections of all samples were made using Hillquist rock preparation 
equipment consisting of diamond blade saws, a thin section machine with a 60µm grinding 
wheel, and 45µm and 30 µm diamond-studded lap wheels.  Each sample was analyzed under 
plane-polarized and cross-polarized light and modal mineralogy, mineral textures, 
microstructures, compositional zoning, and parageneses were noted.  Ten mafic samples 
containing amphiboles with dark blue-green and light blue-green zones in plane-polarized light 
were chosen for electron microprobe analyses and, as well, one pelitic sample containing garnet 
and biotite parageneses. 
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Electron Microprobe Analyses 
Garnet, biotite, epidote, muscovite, ilmenite were analyzed in the pelitic samples, while 
amphibole, epidote, chlorite, biotite, plagioclase, and magnetite were analyzed in the mafic 
samples.  SiO2 (enstatite), Al2O3 (cpx), MgO (opx), FeOtotal (opx), MnO (rhodochrosite), TiO2 
(rutile), Cr2O3 (uvarovite), CaO (cpx), Na2O (albite) and K2O (orthoclase) concentrations were 
analyzed with a JEOL-JXA-8200 Superprobe at Massachusetts Institute of Technology 
(standards indicated).  A point beam of 5 µm or 10 µm diameter was accelerated at 15 kilovolts 
with a current of 1.107 x 10-8 angstroms onto the solid surface of a polished thin section with a 
carbon coat.  Garnet, epidote, ilmenite and magnetite were analyzed with a 5µm beam, while the 
phases containing hydroxide anions were analyzed with a 10µm beam to avoid volatilization.  
Forty second measurement counts and 20 second background counts were carried out for all 
elements except Na, for which 20 second measurement counts and 10 second background counts 
were performed to prevent mobilization.  
Electron microprobe analyses of Kakanui hornblende were carried out to assess analytical 
error (Appendix A).  The standard deviation of weight percent oxide data ranges from 0.1 for 
MgO to 0.26 for SiO2 across 6 Kakanui hornblende analyses (Appendix A). 
Mineral formulas were calculated based on cation normalizations and IMA nomenclature 
is applied (See Appendix B for specific references relevant to this text).  The amphibole 
normalization used to calculate PL, TK, and ED values distributes Na by filling the M4-site and 
placing the remainder into the A-site; ferric iron was calculated using cation charge balance.  All 
iron was assumed to be ferrous in garnet normalizations.  All mineral abbreviations, unless noted 




Inductively Coupled Argon Plasma Mass Spectrometry 
Four samples (3 mafic and 1 pelitic) were analyzed for whole-rock SiO2, Al2O3, TiO2, 
Fe2O3 (total), MgO, MnO, CaO, Na2O, K2O, and P2O5 using a Thermo Jarrell Ash IRIS 100 
Inductively Coupled Argon Mass Spectrometer (ICAP-MS) at Middlebury College.  Samples 
were cut with a diamond blade saw, powdered in a shatterbox equipped with an aluminum 
sample holder, and then ~1.0 gram of the powdered sample was heated to 1000°C in a furnace 
for loss-on-ignition measurements.  Ignited powders were fused in carbon crucibles with lithium 
metaborate flux between 1020 – 1100°C.  The homogenized bead was dissolved in 100 ml of 5% 
nitric acid and the resultant solution was analyzed in the ICAP-MS.  Radial plasma 
configurations and 15 second element counts were carried-out.  Three weight percent 
measurements were acquired per sample and averaged against an internal germanium standard 
subsequent to a 90 second sample flush.  A BCR-2 standard was analyzed for major and trace 
elements one time each day over 4 days of analyses (Appendix A).  Preparation protocol 
followed that of Coish and Sinton (1992).   
Geothermobarometry 
Phase equilibria modeling of the 4 samples analyzed for whole-rock geochemistry was 
carried-out with Perple_X (Connolly, 2005) using the thermodynamic database of Holland and 
Powell (1998), which includes seismic properties from Connolly and Kerrick (2002) and 
Connolly (2005) and includes modifications by Klemme et al. (2009).  Free energy 
minimizations were calculated in the K2O, CaO, MgO, FeO, MnO, Al2O3, SiO2, H2O, TiO2 
system for the pelitic sample, while Na2O was added to the system for calculations involving the 
mafic samples.  In all calculations, SiO2 and H2O were considered saturated components and the 
equations of state for H2O are from the CORK database (Holland and Powell, 1991 and 1998).  
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The phases included in the calculations matched the assemblages observed petrographically in 
each sample. 
Solution models for plagioclase (Newton et al., 1981), chlorite (Holland et al., 1998) and 
amphibole (Holland and Powell, 1998; Wei et al., 2003; White et al., 2003; Connolly, 2005), and 
biotite (Tinkham et al. 2001; Tajčmanová et al., 2009) were utilized in calculations of mafic 
assemblages, while garnet (Holland and Powell, 1998) and biotite solution models were used to 
calculate pelitic parageneses. The amphibole solution model chosen allows for mixing of the 
major cations on the A, M1, M2, M4, T1 sites, and the garnet model involves mixing of Fe2+, 
Mg, Mn, and Ca on the X-site.  
Observed mineral assemblages, whole-rock geochemistry, and mineral compositional 
isopleths were integrated in Perple_X to derive estimates of pressures and temperatures of 
metamorphism.  First, pseudosections were calculated for the 3 mafic samples analyzed for 
whole-rock geochemistry, all of which contain amphiboles retaining 3 distinct chemical zones.  
Each pseudosection was calculated between 200 - 800°C and 0.05 – 2.0 GPa.  Next, mafic 
mineral parageneses interpreted from observations of each sample were compared with 
calculated phase stability fields, and generalized polymetamorphic paths across each 
pseudosection were noted.  To further refine polymetamorphic pathways, maximum Natotal, AlIV, 
and AlVI isopleths for amphibole were calculated in Perple_X and superimposed on each 
pseudosection.  Natotal, AlIV, and AlVI were calculated because amphiboles analyzed chemically 
show variation with respect to these elements and, therefore, can be compared to analyzed 
amphibole compositions.  Furthermore, these elements are involved in PL, TK, and ED 
substitutions, which are known to be dependent on metamorphic grade (e.g. Thompson and 
Laird, 2005).  Natotal isopleths were calculated for geothermobarometric estimates, opposed to 
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NaM4, in order to account for both PL and ED substitutions.  Finally, polymetamorphic pathways 
were drawn based on where analyzed values coincide with both the calculated isopleths and the 
phase stability fields noted initially.  
The most challenging aspect of these analyses is interpreting phase equilibria involving 
different coexisting amphibole compositions.  Any error introduced in the pressure and 
temperature data derived herein from this method would arise from intepretations regarding one 
and/or two amphibole stability. 
Data 
Lithologic and Structural Relationships 
Fault-bounded, partially carbonatinized and serpentinized ultramafic lozenges are 
overprinted by chlorite schist along faults and juxtaposed to the west by intercalated greenstone, 
muscovite-epidote schist and muscovite-chlorite schist (Figure 1.3A) striking approximately 
east-west and intermingled along faults with greenstone bodies, amphibolite pods, and 
muscovite-garnet schist (Figures 1.2A and 1.2B).  Relatively massive, coarse-grained amphibole-
rich rocks are classified as amphibolite, while greenstones are foliated and fine- to medium-
grained mafic rocks.  A tectonized intercalated zone of mafic and pelitic rocks is in thrust contact 
with a foliated greenstone body to the west that spans almost the entire length of the ultramafic-
mafic-pelitic mélange and is truncated along its perimeter by quartz-rich graphitic phyllite 
(Figure 1.3B).  Anastomosing quartz veins occur adjacent to faults bounding the mafic bodies 
west of the ultramafics (Figure 1.3C and 1.3D).  East of the ultramafics, allochthonous 
greenstone and muscovite schist lenses are embedded within quartz-rich graphitic phyllite.     
Regional fabrics of the Ottauquechee Formation in Stockbridge are polydeformed, 
preserving moderately-dipping approximately east-west striking Taconian foliations that are 
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overprinted by steeply-dipping north-south Acadian foliations (Walsh and Falta, 2001).  
Accordingly, in this work deformed faults dipping moderately to steeply are considered 
Taconian, while steeply-dipping to north-south striking vertical faults are considered Acadian 
(Figure 1.2).  Mafic bodies and ultramafic bodies are bound by reactivated Taconian faults that   
are cross-cut by Acadian faults.  The intercalated sequence of mafic and pelitic units west of the 
ultramafics is dipping moderately to the northeast and interlayered along fabrics striking roughly 
east-west (Figure 1.2).    
Structural measurements are summarized on lower hemispheric projections in Figure 4.  
Acadian foliations (S2) are restricted to the graphitic phyllite host rock (Figure 1.3D) and the 
outermost sections of the ultramafics.  Deformed Taconian foliations (S1) predominate 
throughout the mafic and pelitic units and in the interior of the ultramafics (Figure 1.2).  S1 
strikes northwest-southeast and plunges moderately to the northeast and S2 vertical and strikes 
north-northeast.  The dominant lineation, Ln, plunges moderately to the northeast and 
corresponds to intersections of S1 and S2 (i.e. beta axes), which trace F2 folds (Figure 1.2B).  














































































































































































































































   
   
   
   
 
    
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   

































































































































































































































Figure 1.3. Field photos of various lithologic features mentioned in text. A) A tectonized 
mafic layer within quartz-rich muscovite schist. Mechanical pencil for scale; B) Quartz-rich 
graphitic phyllite of the Ottauquechee Formation in Stockbridge. Glove for scale; C) 
Anastomosing quartz veins adjacent to a fault. Hand magnet for scale; D) Enlarged image of a 









Figure 1.4. Equal area net projections summarizing structural data from the mélange in 
Stockbridge. A) Quartz-rich graphitic phyllite. Crosses = poles to foliation; open circles = beta 
axes; Ln = dominant lineation; S1 = Taconian foliation; S2 = Acadian foliation; B) Poles to 
foliation. Open triangles = mafic rocks; open squares = muscovite schists; black circles = 
ultramafics; C) Poles to foliation for all rock types (black squares). Black lines = contoured 
values for percentages of data. Contour interval doubles each contour.  
 
Mineralogical Relationships 
The majority of mafic rocks throughout the field area are foliated and composed of 
amphibole-chlorite-epidote-quartz-titanite-albite with plates of biotite, pockets of carbonate, and 
albite porphyroblasts preserved locally (Plate 1.1A – 1.1J).  Amphibolite lenses are massive and 
composed primarily of coarse-grained amphibole and epidote.  In plane polarized light (PPL), 
most amphiboles are subhedral and zoned compositionally with dark blue to dark green cores 
and light blue to light green rims (Plate 1.1A – 1.1G, 1.1I – 1.1J).  Sample 8 (Plate 1.1H) is the 
only sample in the study area that contains amphibole grains that are zoned in the opposite sense; 
light blue-green cores and dark green-blue rims.  Amphibole-absent mafic rocks are rich in 
chlorite, epidote, and quartz, contain albite porphyroblasts and tend to be more enriched in 
carbonate than amphibole-bearing samples (Plate 1.1K).  Amphibole-absent samples occur 
adjacent to faults within the large mafic body along the west side of the mélange (Figure 1.2).   
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Muscovite schist is composed primarily of muscovite-quartz-chlorite±biotite and contains 
subhedral magnetite porphyroblasts ~1mm across and feldspar knots up to ~3cm across and is 
intercalated with layers of muscovite schist containing epidote and/or garnet.  More biotite tends 
to be present in garnet-bearing samples (Plate 1.1L).  Sub-rounded albite porphyroblasts up to ~1 
cm across are also common in the garnet-bearing schist and include partially chloritized garnet 
and epidote locally (Figure 1.5).  Feldspar knots ranging widely in size are common within the 
muscovite-bearing rocks and also within the mafic units. 
The ultramafic bodies are zoned mineralogically from interior to exterior.  Both bodies 
mapped in the study area are cored by serpentine-talc-magnesite-chromite schist and rimmed by 
chlorite schist containing coarse-grained magnetite or carbonate porphyroblasts.  The larger 
ultramafic body in the north preserves coarse-grained tremolite layers, cross-cutting dolomite 
veins, and chlorite schist layers along faults that cut across the interior of the body.  A complete 
description of the mineralogical and chemical zoning of the ultramafics in Stockbridge is 
presented in Chapter II. 
At least three stages of metamorphism are recognized petrographically.  In the pelitic 
rocks, garnet inclusions in albite porphyroblasts record the earliest evidence of mineral growth.  
Subsequent metamorphism is marked by the growth of chlorite, as some garnet inclusions are 
partially chloritized.  The last stage of mineral growth involved the development of albite 
porphyroblasts that overgrew chloritized garnet (Figure 1.5B).  In the mafic rocks, some 
amphiboles preserve 3 compositional zones displayed in PPL as dark blue-green cores, slightly 
lighter blue-green outer cores, and much lighter blue-green rims (Plate 1.1B and 1.1F).  
Additionally, sub-rounded epidote grains occasionally preserve honey-yellow cores surrounded 
by very pale yellow rims, while titanite contains rutile inclusions locally (Plate 1.1C and 1.1F).  
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Mafic mineral assemblages and modal estimates for the samples analyzed chemically are 
presented in Table 1.1, and Table 1.2 shows the mineral assemblage and modal estimates for the 
pelitic sample analyzed chemically.    
 
Figure 1.5. A) Field view of albite porphyroblasts in muscovite-garnet schist; B) 
Photomicrograph of chloritized garnet inclusions and epidote inclusions in albite from garnet-
muscovite schist.  
 
Table 1.1.  Mafic mineral assemblages and modal estimates for samples analyzed 
chemically. 
Samples Amp Ep Chl Qz Ab Ttn Bio Cb Mgt Rt 
1 30% 40% 15% 5-10% 5-10% <5%     
2 30% 40% 20% <5% <5% <5%  <5%   
3 35% 35% 5-10% 10% 5-10% <5% <5%  <5% trace 
4 45% 45% <5% <5% <5% trace trace trace   
5 45% 35% 10% <5% <5% 5%     
6 40% 35% 5% 5-10% 5-10% <5%    trace 
7 40% 40% 5% 5-10% 5-10% <5%  <5% trace  
8 55% 25% <5% 5% <5% 5% trace  <5%  
9 40% 30% 25% <5% <5% <5% trace trace trace  
10 35% 35% 5% 10% 5% 5% 5% trace trace  
 
Table 1.2.  Pelitic mineral assemblage and modal estimates for sample analyzed 
chemically. 
Sample Ms Bio Gt Qz Fld Chl Ep Ilm Tur Ap 
















Plate 1.1. Photomicrographs of mafic samples (A – K) and pelitic sample (L) from 
Stockbridge, VT. A – J) Samples 1 – 10, respectively; K) Amphibole-absent sample, denoted NA 
in Figure 1.2; L) Sample 11. Core, outer core (oc), and rim are labeled as appropriate on 
amphibole grains. Sample numbers correspond with Tables 1.1 and 1.2. Samples 1 – 11 were 
analyzed with an electron microprobe. Samples 2, 3, and 6 were analyzed for whole-rock 





Electron Microprobe Data  
 Table 1.3 summarizes representative compositions of phases, excluding amphibole, that 
show chemical variation within and between mafic samples 1 – 10.  Epidote group mineral 
compositions do not vary greatly between samples; however, chemical zoning with respect to 
Fe3+ and AlVI concentrations is observed from core to rim of individual grains (Figure 1.6).  
Cores of epidote group minerals in samples 1, 2, 3, 5, 7, 8, 9, 10 are more enriched in AlVI and 
more depleted in Fe3+ than rims, with zoisite or clinozoisite preserved in the cores of grains in 
samples 1, 5, and 9 (Table 1.3).  The greatest chemical differences between cores and rims of 
epidote group minerals is preserved in sample 5, with zoisite/clinozoisite cores composed of 0.3 
Fe3+ and 2.7 AlVI apfu and rims composed of 0.9 Fe3+ and 2.1 AlVI apfu (Figure 1.6).  Epidote in 
samples 4 and 6 exhibits the least amount of chemical variation from core to rim and these are 
the only two samples analyzed chemically in which cores are slightly more enriched in Fe3+ than 





      
Figure 1.6. Representative core and rim analyses of epidote in mafic samples (unit Ca) 
analyzed chemically. Enlarged symbols are core compositions, while the smaller symbols are rim 
analyses. Symbology remains the same in subsequent figures. 
 
 All chlorite analyzed chemically in mafic samples is clinochlore (Table 1.3).  TK 
substitution values vary slightly between samples, but appreciable variations are not recognized.  
Biotite compositions range between ~55 – 60 mol% phlogopite and 45 – 40 mol% annite.  
Feldspar is ~99 mol% albite, while the oxide phase is magnetite when present.  
Amphibole displays the greatest compositional variation within individual grains and 
between samples of all phases in the mafic rocks analyzed.  Compositional variation is described 
with respect to the TK, PL, and ED substitution vectors, which are quantified, respectively, as 
the atomic proportions of AlVI + Fe3+ + Cr + 2Ti, NaM4, and NaA + K.  TK and PL values for all 
amphiboles analyzed are compiled in Figures 7 – 10, with samples occurring within the same 
mafic unit (Figure 1.2A) grouped together on the same plot.  Furthermore, an example of one 
grain transect from one sample on each plot is shown (Figures 1.7 – 1.10).  TK and PL values for 
these transects are also identified on the scatter plots by enlarged symbols. 
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Figure 1.7 displays amphibole data from samples 1 and 2 (Plate 1.1A and 1.1B).  
Amphiboles from both sample 1 and sample 2 are zoned core to rim, with both samples retaining 
magnesio-hornblende cores and rims ranging from low-TK magnesio-hornblende to actinolite.  
Rims in sample 2 are generally more depleted with respect to TK than in sample 1.  Sample 2 
preserves distinct magnesio-hornblende outer core compositions that have higher PL values than 
core and rim data from sample 1.  The three chemically distinct zones identified in amphibole 
from sample 2 is consistent with petrographic observations of three recognizable zones in 
individual grains (Plate 1.1B), as shown in the grain transect of Figure 1.7.   
Compiled amphibole data from samples 3, 4, and 5 (Plate 1.1C – 1.1E) are shown in 
Figure 1.8.  Amphiboles from sample 3 vary with respect to core compositions.  Cores in sample 
3 range from magnesio-hornblende enriched in TK to winchite and barroisite to magnesio-
hornblende less enriched in TK, and rims range from magnesio-hornblende with low TK to 
actinolite.  Amphibole cores in sample 4 fall entirely within the magnesio-hornblende field, 
while rims range from magnesio-hornblende to actinolite.  Sample 5 is amphibolite composed of 
magnesio-hornblende and tschermakite that preserve magnesio-hornblende cores enriched in PL 
and very thin magnesio-hornblende rims locally.  Sample 6 is amphibolite that retains 3 distinct 
compositional zones in amphibole that are apparent petrographically (Plate 1.1F and Figure 1.9).  
Core compositions range between magnesio-hornblende and tschermakite, outer cores are 
magnesio-hornblende, and rims are either magnesio-hornblende or actinolite.  Both PL and TK 
decrease from core to rim in sample 6. 
Amphibole data from samples 7, 8, 9, and 10 (Plate 1.1G – 1.1J) are compiled in Figure 
10.  Amphiboles from sample 7 retain magnesio-hornblende cores and magnesio-hornblende to 
actinolite rims, with appreciable decreases in PL and TK across core-rim boundaries that are well 
27 
 
defined petrographically (Plate 1.1G).  Core and rim values for sample 8 plot entirely within the 
magnesio-hornblende field, although cores of are more depleted in TK compared to rims.  PL 
values are slightly lower for cores than for rims in sample 8.  This zoning pattern is difficult to 
identify petrographically because sample 8 is very fine-grained (Plate 1.1H).  Amphibole cores 
in sample 9 range from magnesio-hornblende to barroisite and rims range from magnesio-
hornblende to actinolite.  There is some scatter in PL and TK core values from sample 9, but 
both PL and TK consistently decrease from core to rim of individual grains.  Cores in sample 10 
are magnesio-hornblende in composition and also show scatter with respect to PL and TK 
values.  Rims in sample 10 cluster around the boundary between magnesio-hornblende and 
actinolite, similar to rims in sample 9.  
Figure 1.11 shows representative PL, TK, and ED values of the major chemical zones 
preserved in amphiboles from each mafic sample analyzed chemically.  Samples 2 and 6 contain 
amphiboles that retain 3 distinct chemical zones (cores, outer cores, and rims), while two discrete 
amphibole core populations and one distinct rim population are preserved in sample 3.  
Amphiboles in the remaining samples contain one distinct core population and one distinct rim 
population.  Overall, amphibole cores are more enriched in ED than outer cores and rims and ED 
generally increases with increasing TK.  ED does not always increase with increasing PL, as 
high PL and intermediate TK values preserved in outer cores of sample 2 are associated with 






Table 1.3.  Representative compositions of mafic phases, excluding amphibole, that 
show chemical variation between the mafic samples analyzed. Bold numbers correspond to 
sample numbers. 
 1  2  
Zo/Czo core Ca2Al2.5Fe3+0.5Si3O12(OH)  
Ep core  Ca2Al2.4Fe3+0.6Si3O12(OH) 
Ep rim Ca2Al2.4Fe3+0.6Si3O12(OH) Ca2Al2.2Fe3+0.7Si3O12(OH) 
Clc Mg3.2Fe1.6Al1.2Si2.8Al1.2O10(OH)8 Mg3.1Fe1.7Al1.2Si2.8Al1.2O10(OH)8 
   
 3 4  
Ep core Ca2Al2.4Fe3+0.6Si3O12(OH) Ca2Al2.3Fe3+0.7Si3O12(OH)  
Ep rim Ca2Al2.2Fe3+0.8Si3O12(OH)  Ca2Al2.3Fe3+0.6Si3O12(OH) 
Clc Mg2.7Fe2Al1.3Si2.8Al1.2O10(OH)8  Mg2.9Fe1.8Al1.3Si2.7Al1.3O10(OH)8 
Phl KFe1.1Mg1.4Al0.5Si3AlO10(OH)2 KFe1.1Mg1.5Al0.4Si2.9Al1.1O10(OH)2 
   
 5  6  
Zo/Czo core Ca2Al2.7Fe3+0.3Si3O12(OH)  
Ep core  Ca2Al2.3Fe3+0.7Si3O12(OH) 
Ep rim Ca2Al2.1Fe3+0.9Si3O12(OH)  Ca2Al2.3Fe3+0.6Si3O12(OH) 
Clc Mg3.2Fe1.6Al1.2Si2.7Al1.3O10(OH)8 Mg3Fe1.7Al1.3Si2.7Al1.3O10(OH)8 
   
 7  8 
Ep core Ca2Al2.4Fe3+0.5Si3O12(OH) Ca2Al2.3Fe3+0.6Si3O12(OH) 
Ep rim Ca2Al2.3Fe3+0.7Si3O12(OH) Ca2Al2.1Fe3+0.8Si3O12(OH) 
Clc Mg3.1Fe1.6Al1.2Si2.7Al1.3O10(OH)8 Mg2.8Fe1.9Al1.3Si2.8Al1.2O10(OH)8 
Phl  KFe1.1Mg1.5Al0.3Ti0.1Si3AlO10(OH)2 
   
 9  10 
Zo/Czo core Ca2Al2.5Fe3+0.5Si3O12(OH)  
Ep core  Ca2Al2.2Fe3+0.8Si3O12(OH) 
Ep rim Ca2Al2.1Fe3+0.8Si3O12(OH) Ca2Al2.1Fe3+0.9Si3O12(OH) 
Clc Mg3.1Fe1.7Al1.2Si2.8Al1.2O10(OH)8 Mg2.9Fe1.8Al1.3Si2.7Al1.3O10(OH)8 





 Figure 1.7. Compiled PL vs.TK values in amphibole for samples 1 and 2 with amphibole 
nomenclature as defined by Hawthorne et al., 2012. Symbology is consistent with Figure 6 and 
also explained in the upper right-hand corner. General locations of core, outer core, and rim data 
groupings are labeled in italics. A grain transect from sample 2 with associated PL, TK, and ED 
values plotted as bar graphs (apfu) is shown in the upper left hand corner. PL and TK transect 
values are displayed as enlarged symbols on the scatter plot. Transect points are labeled A – G 








Figure 1.8. Compiled PL vs. TK values in amphibole from samples 3 – 5, with a grain 
transect from sample 3. Number in parentheses on scatter plot indicates the sample number for 




Figure 1.9. PL vs. TK values in amphibole from sample 6, with a corresponding grain 






 Figure 1.10. PL vs. TK values for amphibole in samples 7 – 10, with a grain transect 





              
 Figure 1.11. Major compositional zones in amphibole plotted with respect to amphibole 
compositional space, which is defined by PL, TK, and ED substitution vectors and end-members 
as presented by Thompson et al., 1982 and Hawthorne et al., 2012. The shaded plane represents 
the limit of exchange capacity in amphibole, above which naturally occurring amphibole end-
members do not exist (Thompson et al., 1982). Compositional zones for cores, outer cores, and 
rims are identified. The dashed arrow is an example of a zoning path preserved in amphibole 
from sample 2 (i.e. open circles) from core to outer core to rim. Symbology is the same as in 
previous figures. Tr = tremolite; Mhb = magnesio-hornblende; Ts = tschermakite; Ed = edenite; 
Prg = pargasite; Sad = sadanagaite; Win = winchite; Bar = barroisite; Ri = richterite; Ktp = 
Katophorite; Tar = taramite; Gl = glaucophane; Eck = eckermannite; Nyb = nybøite.     
 
Garnet compositions in the pelitic sample analyzed range between 30 – 60 mol% 
almandine, 20 – 50 mol% spessartine, 1 – 5 mol% pyrope, and  12 – 20% ugrandite (i.e. 
grossular + uvarovite + andradite).  Individual garnet grains show compositional variability from 
core to rim, although the precise shapes of zonation patterns vary throughout the sample (e.g. 
Figure 1.12).  Some garnet cores are enriched in Fe2+ compared to Mn, while other cores are 
enriched in Mn compared to Fe2+.  Furthermore, Mn and Fe2+ concentrations show both 
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decreases and increases from core to rim depending on the grain.  Although Mg tends to decrease 
in garnet from core to rim and Ca tends to increase, this relationship does not hold true for all 
grains analyzed.  Regardless, Fe2+Mn-1 and MgCa-1 substitutions are responsible for within grain 
chemical variation because concentrations of Fe2+ and Mg change in the opposite sense of Mn 
and Ca, respectively (Figure 1.12).   
Table 1.4 shows representative compositions of phases, excluding garnet, in the pelitic 
sample analyzed.  Biotite analyzed in the pelitic sample ranges between 62 – 64 mol% annite and 
38 – 36 mol% phlogopite, while muscovite is composed consistently of 1.6 apfu AlVI and 0.7 
apfu AlIV.  Epidote group minerals in the pelite are classified as epidote with ferric iron 
concentrations of 0.7 apfu.  The oxide minerals analyzed are ilmenite. 










 Figure 1.12. Chemical transects across two garnets in sample 11, with photomicrographs 
of each grain shown in the upper-left. The X-axis is distance and the Y-axis is apfu in both plots, 






 Whole-rock major element geochemistry of samples 2, 3, and 6 was utilized in 
geothermobarometry and is presented in Table 1.5.  Data are reported in weight percent oxide 
because these values were used to calculate pseudosections.  Overall, sample 2 is the most 
depleted in SiO2 and Na2O and the most enriched in CaO, while sample 3 contains the least 
amount of TiO2, Fe2O3 total, and MgO and is most enriched in SiO2 and Na2O.  Sample 6 is the 
most enriched in TiO2.  Fe2O3 total was converted to FeO total for calculations.   
Table 1.5.  Hydrous whole-rock major element compositions for samples utilized in 
geothermobarometry in weight percent oxide. Samples 2, 3, and 6 are mafic and sample 11 is 
pelitic. Loss-on-ignition values in weight percent are also indicated. 
 Mafic Mafic Mafic Pelitic 
 Sample 2  Sample 3  Sample 6 Sample 11 
SiO2 41.93 45.2 45.08 57.61 
Al2O3 14.78 14.39 14.29 18.77 
Fe2O3 total 13.70 11.82 13.57 7.77 
MgO 9.74 7.21 10.4 2.12 
MnO 0.25 0.19 0.27 0.24 
TiO2 1.39 0.94 1.42 0.82 
CaO 12.93 10.68 10 0.61 
Na2O 0.81 1.69 0.92 0.47 
K2O 0.11 0.31 0.1 6.27 
P2O5 0.17 0.1 0.16 0.14 
Total (Hydrous) 95.82 92.53 94.19 94.84 
Loss-on-ignition  3.00 2.64 3.50 2.68 
 
Geothermobarometric Modeling  
 Geothermobarometric estimates come from pseudosection modeling of samples 2, 3, and 
6 (Figures 1.13 – 1.16).  The assemblages modeled for each sample correspond to those listed in 
Table 1.1.  The phase equilibria that are consistent with textural observations of sample 2 are chl-
amp-zo-ttn-ab-qz and the chl-cz-ttn-ab-act fields (Plate 1.1B and Figure 1.13A), which provide a 
starting point for pressure-temperature estimates.  Furthermore, the paragenesis involving 
actinolite (chl-cz-ttn-ab-act) is consistent with electron microprobe analyses of amphibole rims 
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in sample 2, while the paragenesis involving amphibole of variable composition (chl-amp-zo-ttn-
ab-qz) is consistent with amphibole core and outer core compositions in sample 2.   
The correspondence of maximum Natotal and AlVI isopleth intersections with electron 
microprobe analyses of amphiboles allows for a more complete description of the pressure-
temperature path.  Representative Natotal and AlVI compositions of amphibole cores in sample 2 
correspond to ~0.5 – 0.7 and ~0.6 – 0.8, respectively (Figure 1.14A).  All of the isopleths 
encompassed within those ranges intersect the chl-amp-zo-ttn-ab-qz field at ~490°C and ~1.2 
GPa and, therefore, these are representative conditions at which amphibole cores grew in sample 
2 (Figure 1.13B).  Applying the same analysis for the amphibole outer core and rim 
compositions in sample 2 indicates that outer cores grew at ~0.9 – 0.8 GPa and ~490°C, while 
rims grew at ~0.3 GPa and ~390°C (Figure 1.13B).  The intersection of minimum Natotal and AlVI 
isopleths was not utilized because it is not consistent with the observed assemblage of the 
sample.  The sample contains quartz, but the overlapping 0.6 Natotal and 0.6 AlVI isopleths do not 
cross a field in which quartz is stable (dashed yellow line in Figure 1.13B).  Accordingly, 
maximum isopleths were ultimately applied in all pressure and temperature estimates derived 
from pseudosections. 
  For sample 3, three phase equilibria are consistent with textural observations and 
electron microprobe analyses: 1) bio-chl-amp-zo-rt-qz; 2) bio-chl-amp-zo-ttn-ab-qz; 3) bio-chl-
cz-ttn-ab-act-qz (Plate 1.1C and Figure 1.15A).  Comparisons of Natotal and AlVI analyzed in 
amphibole from sample 3 (Figure 1.14B) with calculated maximum isopleths indicate that one 
population of amphibole cores formed concurrently with rutile at ~1.4 GPa and ~520°C, and 
another population of amphibole cores formed between ~1.2 and 0.8 GPa at ~490°C.  Amphibole 
rims in sample 3 were metamorphosed at ~0.4 – 0.5 GPa and ~390°C.   
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Bio-chl-amp-zo-rt-qz, bio-chl-amp-zo-ttn-ab-qz, and bio-chl-cz-ttn-ab-act are the 
parageneses that are consistent with textural and chemical data from sample 6 (Plate 1.1F and 
Figure 1.16A).  Rutile preserved in this sample was stable at ~0.8 GPa and ~550°C, while Natotal 
and AlVI amphibole core compositions are consistent with growth at slightly lower temperatures 
(Figure 1.16B).  Inner core compositions are consistent with metamorphism at ~0.8 GPa and 
~500°C and outer core compositions are consistent with metamorphism at ~0.7 – 0.8 GPa and 
~480°C. Amphibole rim compositions correspond with growth at ~0.2 – 0.3 GPa and ~390°C.    
For the pelitic sample 11, the paragenesis that is most consistent with petrographic 
interpretations is bio-gt-zo-ms-clin-ab-ilm-qz (Plate 1.1L, Figure 1.17).  Fe/(Mg+Fe) and 
Mg/(Mg+Fe) isopleths were calculated for the garnet and biotite grains labeled on Plate 1.1L; the 
same garnet grain labeled on Plate 1.1L is shown on the right-hand plot of Figure 1.12.  The core 
composition of garnet was utilized with one biotite composition.  Fe/(Mg+Fe) and Mg/(Mg+Fe) 
are 0.97 and 0.03, respectively, for the garnet core, while biotite values for Fe/(Mg+Fe) and 
Mg/(Mg+Fe) are 0.63 and 0.37, respectively.  The intersection of garnet core isopleths with 
biotite isopleths is consistent with metamorphism at ~1.0 GPa and 400°C (Figure 1.17).  Garnet 
rim compositions are not utilized in garnet-biotite geothermobarometry herein because the effect 










 Figure 1.13. Pseudosection calculated for sample 2. A) Key phase equilibria are labeled 
and separated by thin black lines. Assemblages that are supported by petrographic observations 
are in bold. B) Natotal and AlVI isopleths (apfu) superimposed of pseudosection, with complete 
retrograde metamorphic pathway indicated by the green arrow. Green circles represent 
conditions of amphibole growth. White isopleths are Natotal and orange isopleths are AlVI. The 
yellow line corresponds to overlapping 0.6 isopleths for Natotal and AlVI. Dashed yellow line 
marks the overlapping 0.6 Natotal and 0.6 AlVI minimum isopleths. 
 




 Figure 1.15. Pseudosection calculated for sample 3. A) Same explanation as in Figure 
1.13. B) Color scheme the same as in Figure 1.13 except that the path is shown by a blue arrow 
and the yellow line traces the overlap of 0.9 Natotal and 1.2 AlVI isopleths. 
 
 
 Figure 1.16. Pseudosection calculated for sample 6. A) Same explanation as in Figure 
1.13. B) Same explanation as in Figure 1.13 but lacks overlapping isopleths traced with a yellow 




                                 
 Figure 1.17. Pseudosection calculated for sample 11. Key phase equilibria are labeled 
and separated by thin black lines and the inferred equilibrium assemblage for sample 11, as 
interpreted from textural observations (Plate 1L), is in bold print. Black circle marks the 
intersection of Fe/(Fe+Mg) and Mg/(Mg+Fe) isopleths for garnet and biotite that are consistent 
with values obtained from electron microprobe analyses. Blue isopleth = Mg/Mg+Fe2+ garnet; 
red isopleth = Fe2+/(Mg+Fe2+) garnet; orange isopleth = Mg/(Mg+Fe2+) biotite; green isopleth = 
Fe2+/(Mg+Fe2+) biotite. White text is for visual purposes only. 
 
Discussion 
Both Taconian and Acadian structures are preserved in Stockbridge (Figures 1.2 and 1.4).  
The partially carbonatinized serpentinite is bound by reactivated Taconian faults and cross-cut by 
numerous Acadian faults that are lined with chlorite schist.  Muscovite-chlorite±epidote±garnet 
schists are intercalated along an approximately east-west striking Taconian fabric and display 
both Taconian and Acadian deformational features.  The contacts between schist layers are 
interpreted as tectonized depositional contacts that result from bulk compositional variation 
within the original sediment.  The epidote-bearing layers potentially reflect a volcaniclastic 
influence, while the garnet-bearing layers are more Fe- and Mn-rich pelitic layers adjacent to 
faults (Figure 1.2).  Mafic rocks in the field area retain primarily Taconian fabrics (Figure 1.4), 
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indicating that these rocks were the least effected by Acadian deformational overprint and are the 
most useful for deciphering the Taconian subduction history. 
Evidence for subduction zone metamorphism of mafic rocks in Stockbridge comes from 
amphiboles that are zoned chemically from core to rim (Figures 1.7 – 1.11).  Peak subduction 
zone metamorphism is retained in amphibole cores, which vary in composition among magnesio-
hornblende, tschermakite, winchite, and barroisite.  Figure 1.18 summarizes their pressure-
temperature paths determined from geothermobarometric modeling in Perple_X (Figures 1.13, 
1.15 – 1.16).  All pressures and temperatures reported are maximum estimates because maximum 
Natotal and AlVI were applied in pseudosection modeling. 
  The highest pressure metamorphism occurred at ~1.4 GPa and ~520°C and resulted in 
the growth of barroisite and winchite, which were potentially in equilibrium with biotite, 
chlorite, zoisite, rutile, and quartz (Figures 1.15 and 1.18).  The growth of tschermakite and rutile 
at ~0.8 GPa and ~520 ~550°C marks the highest temperature metamorphism and potential 
paragenesis involving the same phases as the higher pressure episode (Figures 1.16 and 1.18).  
Assuming a lithostatic pressure gradient of 2.7 g/cm3, barroisite and winchite formed at ~38 Km 
depth and tschermakite formed at ~22 Km depth.  The growth of magnesio-hornblende occurred 
over a range of pressure and temperature conditions, spanning between ~1.2 GPa to ~0.2 GPa 
and ~490°C to ~400°C (Figures 1.13, 1.15 – 1.16, 1.18).  Accordingly, magnesio-hornblende 
comprises amphibole cores, outer cores, and rims and was formed over a range of depths from 
~33 Km to ~5 Km (Figure 1.18).  Metamorphism of magnesio-hornblende may have coincided 
with the generation of albite and titanite at the expense of barroisite and rutile, respectively.  
Actinolite rims grew under the lowest pressure and temperature at ~0.2 – 0.4 GPa and ~390°C 
when the rocks reached less than ~10 Km depth (Figure 1.18).  Metamorphism of actinolite 
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corresponded to growth of chlorite, albite, titanite, and clinozoisite and/or epidote (Figures 1.13, 
1.15 – 1.16).    
In addition to amphibole, chemical differences between the cores and rims of epidote 
group minerals indicate that they grew throughout the history and grains became more Fe3+-rich 
from core to rim (Figure 1.6) as pressure and temperature decreased.  Pseudosection modeling 
suggests that peak metamorphism involved the growth of zoisite and greenschist metamorphism 
involved the growth of clinozoisite (Figures 1.13, 1.15 – 1.16).  Electron microprobe data of 
epidote group minerals are consistent with initial growth of either zoisite, clinozoisite, or low-
Fe3+ epidote and later growth of epidote more enriched in Fe3+ (Table 1.3 and Figure 1.6).   
Conditions of metamorphism of garnet cores in muscovite schists are similar to 
conditions for magnesio-hornblende cores in the thin, northernmost mafic body, but garnet grew 
at lower temperatures than amphibole (sample 2) (Figures 1.2, 1.13, 1.17 – 1.18).  The similarity 
in pressure estimates suggests that that particular mafic body may be a mafic layer in 
depositional contact with the intercalated muscovite schist sequence and, therefore, is not a fault-
bounded body (Figure 1.2). The lack of direct field evidence for faulting in that region also 
supports the absence of a fault.  Furthermore, chloritized garnet inclusions in albite from garnet-
bearing pelitic samples reflect three stages of metamorphism (Figure 1.5B), which is also 
observed in amphibole zoned chemically from that mafic layer (Figure 1.7).  Although three 
stages of metamorphism are also recorded in the two isolated, fault-bounded mafic bodies farther 
south (Figure 1.2A), the conditions of metamorphism for those mafic bodies are not consistent 
with those of the garnet-bearing pelitic rocks (Figures 1.15 – 1.16).  The interpretation that a 
mafic layer is in depositional contact with the surrounding pelitic rocks also supports the idea 
that the intercalated depositional sequence west of the ultramafics may be volcaniclastic.   
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Overall, the three small, isolated mafic bodies (2 fault-bounded, 1 depositional layer) 
exposed within the intercalated sequence of muscovite schists reached different peak 
metamorphic conditions and preserve different retrograde metamorphic pathways prior to 
metamorphism between ~5 and ~10 Km (Figure 1.18).  For the mafic depositional layer, the 
pathway begins at peak conditions that coincide with the growth of magnesio-hornblende cores 
and proceeds nearly isothermally down pressure for ~0.4 GPa, at which point lower TK and PL 
magnesio-hornblende outer cores form.  Substantial decreases in pressure and temperature 
eventually lead to the growth of actinolite rims.  The path of the fault-bounded body containing 
sample 6 involved peak metamorphism of tschermakite cores, an isobaric temperature decrease 
of ~100°C that resulted in the formation of magnesio-hornblende outer cores, and metamorphism 
of actinolite and magnesio-hornblende rims after further decreases in temperature and significant 
decreases in pressure (Figure 1.16). 
The pathway of the fault-bounded mafic body containing sample 3 is also described by 
three stages of metamorphism; however, two different populations of amphibole with distinct 
core compositions grew along the path.  Barroisite and winchite cores grew during peak 
metamorphism, which was followed by a temperature decrease of ~50°C and subsequent 
isothermal growth of magnesio-hornblende cores with decreasing pressure (Figure 1.15).  The 
final stage of metamorphism is marked by the formation of actinolite and magnesio-hornblende 
rims after further decreases in pressure and temperature (Figure 1.15).  The larger mafic body 
bounding the west side of the intercalated sequence contains amphibole with barroisite and 
magnesio-hornblende cores and actinolite and magnesio-hornblende rims and, therefore, 
preserves peak conditions and a retrograde path that is consistent with sample 3.  The origin of 
the reverse zoning pattern preserved in sample 8 is unclear; however, it may be reflecting a late 
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prograde Acadian metamorphism as observed in mafic rocks in southern Vermont (Laird et al., 
1984).  Another possibility is that the zoning pattern is a result of a two amphibole equilibrium 
during Taconian subduction zone metamorphism. 
All bulk compositions modeled in this research display Natotal isopleths that are more 
dependent on pressure than temperature, and AlVI isopleths that are dependent on temperature 
(Figures 1.13, 1.15 – 1.16).  Accordingly, Natotal in amphibole increases with increasing pressure 
and AlVI increases with increasing temperature.  This is consistent with observational, theoretical, 
and experimental data of amphibole that show that PL, TK, and ED substitutions generally 
increase in amphibole with increasing metamorphic grade (e.g. Laird and Albee, 1981b; Laird et 
al., 1984; Thompson and Laird, 2005).   
 
 Figure 1.18. Summary of pressure-temperature paths derived from geothermobarometric 
modeling. Colors and shapes of paths correspond to those on Figures 1.13, 1.15, and 1.16. Black 
circle represents conditions derived from garnet core composition analyzed in the pelitic sample 
modeled (Figure 1.17). Pressure (GPa) and depth (Km) increase downward along the y-axes, 
while temperature (°C) increases from left to right across the x-axis. Kyanite-andalusite-
sillimanite triple point from Bohlen et al. (1991). Mineral abbreviations from Whitney and Evans 




Fault-bounded mafic fragments of varying metamorphic grade within an intercalated 
volcaniclastic sequence that is in contact with ultramafic rocks is indicative of an exhumed 
subduction zone mélange (e.g. Cloos, 1982; Schwartz et al., 2001; Wakabayashi, 2012).  In the 
late Cambrian and early Ordovician, an Iapetan ophiolite sequence was consumed and 
metamorphosed along an eastward-dipping subduction zone during the Taconian Orogeny (e.g. 
Stanley et al., 1984; Stanley and Ratcliffe, 1985; Thompson and Thompson, 2003; Macdonald et 
al., 2014).  Fragments of the subducted slab, including lithified sediment, basalt, and gabbro 
were subsequently detached at depth and incorporated into the overlying forearc mantle wedge.  
Detachment of mafic and pelitic slab fragments was driven by density variations between the 
dehydrated slab and overlying hydrated mantle wedge (e.g. Geyra et al., 2008; Hebert et al., 
2009; Hilairet and Reynard, 2009).  Exhumation of ultramafic, mafic, and pelitic fragments from 
various depths was facilitated above the slab-mantle wedge interface within temporary low 
viscosity channels that formed as the mantle wedge was hydrated (e.g. Geyra et al., 2008; 
Hilairet and Reynard, 2009; Horodyskyj et al., 2009; Reynard, 2013).   
The three metamorphic zones preserved in amphibole were formed during subduction 
and exhumation, with the various conditions reflecting points at which the rocks were stalled in 
the crust.  Accordingly, amphiboles in each mafic body modeled geothermobarometrically retain 
snapshots of subduction zone pressure and temperature conditions at various regions within the 
subduction zone.  The different lithologic bodies may have been spatially separate initially, and 
then assembled in a buoyant, low viscosity exhumation channel prior to Acadian metamorphism, 
during which all the lithologies were embedded in the crust between ~5 and ~10 Km.   The final 
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emplacement of units was dictated ultimately by Acadian faulting and obduction when the rocks 











Paleozoic deformation and metamorphism of ultramafics in Stockbridge, VT: A history of 




 Ultramafic rocks in Stockbridge, Vermont are zoned mineralogically with respect to 
fabrics developed during Taconian and Acadian orogeneses.  The interior core of the ultramafics 
formed during the Taconian and is composed of talc-serpentine-magnesite-chromite, while the 
exterior shell of the ultramafics is Acadian and composed of talc-chlorite±magnetite±serpentine 
with layers of pure tremolite, talc, and chlorite along the outermost regions.  Taconian 
metamorphism is described by linear combinations of the following three linearly independent 
net-transfer reactions (reaction numbers as in text): 1) 9en + srp = 3fo + 2tlc; 2) 6en +3H2O = tlc 
+ srp; 3) srp + 6en +3CO2 = 3mgs + 2tlc.  Acadian metamorphism was influenced by 
metasomatism of Al, Mg, Si, and Ca and is described by linear combinations of the following 
three net-transfer reactions: 7) 2srp + Al2Mg-1Si-1 = clc; 8) 5tlc + 2srp + 6CaMg-1 = 3tr + 6H2O; 
9) 3dol + 7tlc + 3CaMg-1 = 3tr + 2srp + 6CO2.  The observed mineralogy resulted from hydration 
and carbonatization of a pyroxenite protolith. The spatial distribution of faults ultimately dictated 





Phase disequilibria observed at both outcrop- and thin section-scale provide evidence for 
net-transfer reactions occurring through space and time within metamorphic systems.  Growth, 
consumption, and chemical alteration of phases during metamorphism are governed by variations 
in metamorphic conditions that drive continuous and discontinuous net-transfer reactions, as 
these are the mechanistic pathways for phase transformation and chemical exchange (Thompson, 
1982a; Thompson, 1991; Thompson and Laird, 2005).  Metamorphic net-transfer reactions are 
derived for chemical systems through linear algebra (i.e. Gaussian Elimination) involving oxide 
components, phase components, and exchange components (Thompson et al., 1982).  James B. 
Thompson Jr. (JBT) recognized that, for a particular system, linearly independent net-transfer 
reactions are basis vectors for a multidimensional space (i.e. modal space) that describes all 
compositional and modal variations possible during metamorphism (Thompson, 1982a). 
Polymetamorphosed and polydeformed ultramafic rocks in Stockbridge, Vermont are the 
subjects of this research (Walsh and Falta, 2001) (Figure 2.1).  The overarching purpose of this 
investigation is to derive the metamorphic net-transfer reaction sequence that resulted in the 
present mineralogical and chemical zoning within the ultramafics, and illustrate the reaction 
history using modal space diagrams (e.g. Thompson, 1991).  Theoretical modal spaces for 
ultramafic rocks were presented by Thompson (1991); however, ultramafic modal space analyses 
have never been applied in a regional geological context.  This study integrates field 
relationships, structural data, mineral textures, mineral compositions, and whole-rock 
geochemistry to understand serpentinization, carbonatization, chloritization, and Ca-, Al-, Si- 
and Mg-metasomatism in a regional context through space and time.
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Lithological and Structural Setting 
 A north-south trending, segmented lineament of lozenge-shaped ultramafic bodies occurs 
throughout central Vermont east of the Green Mountain massif (Figure 2.1A) (Ratcliffe et al., 
2011).  The ultramafic terrane spans Vermont lengthwise and occupies a zone between the 
Moretown Formation and the western limit of the Prospect Rock thrust, an eastward-verging 
Taconian back thrust marking the western extent of a Taconian accretionary prism (Thompson 
and Thompson, 2003) (Figure 2.1B).  The ultramafic bodies are embedded within a stack of 
thrust sheets that were emplaced on the Laurentian margin during Taconian orogenesis 
(Castonguay et al., 2012).  Structurally, the ultramafic belt occurs above albite schist of the 
Hazens Notch Formation and below and/or within graphitic phyllite and schist of the Pinney 
Hollow, Ottauquechee and/or Stowe Formations (Ratcliffe et al., 2011).  The stacking order of 
the thrust sheets across the ultramafic terrane is, from bottom to top: Hazens Notch, Pinney 
Hollow, Ottauquechee, Stowe, and Moretown (Ratcliffe et al., 2011).  The entire stack is cross-
cut cut by steeply-dipping Acadian faults (Castonguay et al., 2012; Ratcliffe et al., 2011).   
Peri-Laurentian metasediments of the Hazens Notch Formation were deposited during the 
rift-drift transition leading up to the formation of the Iapetus Ocean in the Neoproterozoic 
(Stanley and Ratcliffe, 1985; Macdonald et al., 2014).  The Pinney Hollow, Ottauquechee, and 
Stowe Formations are Cambrian-Ordovician Iapetan Ocean metasediments that were 
incorporated into an accretionary prism above an eastward dipping Taconian subduction zone 
(Stanley et al., 1984; Stanley and Ratcliffe, 1985; Karabinos et al., 1998; Thompson and 
Thompson, 2003).  The Moretown Formation is a rifted metasedimentary and metavolcanic peri-
Gondwanan arc terrane that was sutured onto Laurentia as the Iapetus Ocean closed in the 
Ordovician (Armstrong, 1994; Castonguay et al., 2012; Macdonald et al., 2014).  Mafic rocks 
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within the ultramafic belt are basaltic ophiolite remnants metamorphosed at greenschist to 
blueschist facies conditions (Laird et al., 1984; Coish et al., 1985; Coish et al., 1986; Coish et al., 
2012), while the ultramafics are either fore-arc ophiolite slivers (Coish and Gardner, 2004) or 
fragments of an early Paleozoic mantle wedge (Honsberger, 2015).  Regardless of tectonic 
origin, the zone of ultramafics in Vermont parallels the Iapetan suture that bounds the western 
edge of the Moretown Formation, which occurs adjacent to the west of the major Silurian 
unconformity (Macdonald et al., 2014) (Figure 2.1). 
Ultramafics in Stockbridge, Vermont crop out northeast of Laurentian basement on the 
eastern flank of the Green Mountain Anticlinorium (GMA) (Figure 2.1B).  The enveloping 
terrane is graphitic phyllite and quartz schist of the Ottauquechee Formation (Walsh and Falta, 
2001).  Precambrian gneiss is exposed along the GMA to the south of Stockbridge, while 
metasedimentary cover rocks are exposed along the GMA to the north (Ratcliffe et al., 2011).  
Precambrian basement of the Adirondack, Green Mountain, and Berkshire massifs comprise the 
New York Promontory, while metasediments to the north and west of Stockbridge encompass 
the Quebec re-entrant (Figure 2.1A) (Doolan et al., 1982; Castonguay et al., 2012).  Accordingly, 
ultramafics in Stockbridge occupy a metamorphic transition zone that may be related to the 









Figure 2.1. A) Simplified geological terrane 
map of the northern Appalachians with exposed 
basement massifs labeled. Laurentian and Ganderian 
terranes are separated by the Iapetan suture (bold 
line) (Macdonald et al., 2014), while Ganderian 
terranes and Avalonia are separated by faults along 
the bold dashed lines. Dashed line west of the 
Iapetan suture is the approximate trace of ultramafics 
in Vermont and southern Québec. QRE, Québec re-
entrant. Adapted from Hibbard et al., 2006. B) Map 
of Vermont showing key geological and structures 
features. Bold, black line, approximate trace of 
ultramafics (from Figure 2.1A); grey circle, 
Stockbridge, VT; black diamond, Belvidere 
Mountain; black circles, encompass study areas of 
Chidester (1953) and (1962); grey triangles, Ludlow 
mine (north) and East Dover mine (south); PRS, 
Prospect Rock Slice; PRF, Prospect Rock Thrust; 
HHF, Honey Hollow Fault; SU, Silurian 
unconformity; LMM, Lincoln Mountain Massif; TA, 
Taconic Allochthon; CD, Chester Dome; GMM, 
Green Mountain Massif. Adapted from Ratcliffe et 
al., 2011.  
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Previous Investigations of Ultramafics in Vermont  
 
Numerous field-based investigations during the period from ~1950 – 1985 provide the 
bulk of existing data regarding the geology, structure, and petrology of ultramafic rocks in 
Vermont.  Every ultramafic body examined in Vermont is zoned mineralogically (e.g. Osberg, 
1952; Chidester, 1953; Albee, 1957; Chidester, 1962; Cady et al., 1963; Chidester et al., 1978; 
Gale, 1980; Doolan et al., 1982; Sanford, 1982; Stanley et al., 1984).  Two ultramafic pods in 
Rochester, VT described initially by Osberg (1952) are closer to Stockbridge than other localities 
investigated previously, as they crop out ~ 5 miles to the north.  Osberg discovered that both 
bodies are in contact with graphitic schist of the Ottauquechee Formation and expose cores of 
serpentinite with talc-carbonate rims.  One of the bodies is encased by a shell of chlorite schist, 
referred to as blackwall.  
Chidester carried-out studies in 1953 and 1962 on ultramafics farther north of 
Stockbridge in Stowe (Sterling Pond area), Waterbury (Barnes Hill mine), Moretown (Waterbury 
mine), Fayston (Mad River mine), and Duxbury (Mad River area), Vermont (Figure 2.1B).  
Ultramafics at all of these localities contain zones that are comprised of serpentinite cores, talc-
carbonate and/or pure talc (steatite) exteriors, and chlorite blackwall along the ultramafic-pelitic 
country rock contact.  The Mad River mine shows the most mineralogical variation, as meter-
scale tremolite layers occur within talc-carbonate zones (Chidester, 1962).  A notable 
commonality among these locations is that amphibole-bearing or non-amphibole-bearing mafic 
bodies (i.e. greenstone) that were thrust into the pelitic country rock occur in contact with, or in 
the vicinity of, the ultramafic bodies.  A pelitic-mafic-ultramafic lithological package is observed 
in the Belvidere Mountain Complex (BMC) in Lowell, the largest ultramafic exposure in 
Vermont (Figure 2.1B).  The BMC as a whole is fault-bounded and composed of ultramafics, 
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coarse-grained barroisite-bearing amphibolite, and lenses of spangly quartz-muscovite schist 
(Gale, 1980).  The ultramafics preserve a dunite core with asbestos-bearing serpentinite (Albee, 
1957), talc-carbonate rock, steatite, tremolite, and chlorite blackwall occurring outward from the 
interior (Chidester et al., 1978). 
  Chidester et al. (1978) considered ultramafics at Belvidere Mountain to be peridotite 
fragments of the upper mantle that intruded overlying mafic volcanic and volcaniclastic rocks.  
In this model, partial serpentinization prior to solid-state tectonic emplacement was enhanced 
during intrusion and ceased as the rocks came to rest.  Furthermore, Chidester et al. (1978) 
interpreted that metasomatism of H2O, CO2, Ca, Mg, and Si associated with regional 
metamorphism and faulting resulted in zones of talc-carbonate, steatite, tremolite, and chlorite 
blackwall.   
Geochemical data collected by Doolan et al. (1982) suggests ultramafics at Belvidere 
Mountain are relict ophiolite fragments of a subducted slab.  According to this interpretation, 
ophiolite slivers along fault-bounded, imbricated metasedimentary slices were emplaced onto the 
Laurentian margin during the Ordovician.  This model is further supported by the preservation of 
fault fabrics in metasedimentary and ultramafic rocks in the Jay Peak area, northern Vermont 
(Stanley et al., 1984).  Sheared bodies of serpentinite, talc schist, and talc-magnesite rock east of 
Jay Peak (e.g. East Hill) mark the faults along which obduction and metasomatism occurred 
(Doolan et al., 1982; Stanley et al., 1984).  A tectonic synthesis describing imbrication of 
ultramafic-bearing fault slices above an eastward dipping Taconian subduction zone was 
presented by Stanley and Ratcliffe (1985). 
Partially serpentinized dunite bodies in East Dover, VT and Ludlow, VT (Figure 2.1B) 
are composed of relict olivine and spinel that are overprinted by serpentine-
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talc±magnesite±tremolite±magnetite (Coish and Gardner, 2004).  Mg and Cr concentrations in 
spinel suggest that these ultramafics are fore-arc ophiolite fragments that were emplaced in an 
extended fore-arc basin above a Taconian subduction zone (Coish and Gardner, 2004).  This 
model expands upon that of Stanley and Ratcliffe (1985), suggesting that all ultramafic bodies in 
the Vermont belt were not formed in the same tectonic environment. 
Metasomatic reactions in ultramafics throughout Vermont were investigated by Chidester 
(1962) and Sanford (1982).  Chidester described the talc-carbonate forming reaction as: 
  
2serpentine + magnetite + 3CO2 = talc + 3magnesite + magnetite + 3H2O 
 
 
This reaction catalyzed serpentinization of any relict olivine from the peridotite protolith 
(Chidester, 1962).  Sanford simplified the talc-carbonate reaction by excluding magnetite and 
writing it as: 
  2serpentine + 3CO2 = talc + 3magnesite + 3H2O   
 
Sanford proposed that the addition of Si, Al, Fe, and CO2 and the removal of MgO and H2O 
describes the metasomatic flux that influenced the development of the mineralogical reaction 
zones.  Al2Mg-1Si-1 (TK) substitution, for example, is important in the closed-system, chlorite-
producing reaction, 2srp + TK = chl (Sanford, 1982).  Metasomatic reactions were interpreted by 
both Chidester and Sanford to accompany greenschist and amphibolite facies metamorphism.    
Methods 
Field Mapping 
 Detailed geological mapping of ~1 km long by ~0.3 km wide ultramafic-mafic-pelitic 
lithological package in Stockbridge, Vermont was conducted at a scale of 1:3000 (Figure 2.2).    
When the region was mapped by Walsh and Falta (2001) at a scale of 1:24000, lithologic 
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intercalation was observed beyond the scale of the map (Walsh, oral personal communication).  
Reconnaissance field investigations by Honsberger in 2010 confirmed the presence of meter- to 
centimeter-scale intercalation of greenstone and pelitic schist and mineralogical layering 
throughout the ultramafics.  Mapping efforts at a scale of 1:3000 were focused on determining 
the relationships between metamorphisms and structures preserved in the ultramafic-mafic-
pelitic package.  Truncations of rock units displaying distinct bulk compositions were mapped as 
faults, while variations in mineralogy within “one rock type” were interpreted as depositional 
and/or metamorphic layering.   
Petrography 
 Petrographic interpretations are derived from 17 ultramafic samples collected from 
different mineralogical zones throughout the interior and exterior portions of the ultramafics. 
Hand samples were cut perpendicular to both foliation and lineation and polished down to 30 μm 
thick thin sections using Hillquist equipment at the University of New Hampshire.  Thin sections 
were analyzed petrographically under plane polarized and cross-polarized light, and imaged with 
a digital camera.  Mineral modes, textural relationships, and microstructures were described for 
each sample to choose samples for electron microprobe, modal space, and geochemical analyses.  
These samples include: 1 sample from the inner core and 1 from the outer core (Plates 2.1A and 
2.2H); 4 samples from zones in the exterior (Plates 2.1D, 2.2J, 2.2K, 2.3P). 
Electron Microprobe Analyses    
Electron microprobe analyses were carried-out for the 6 samples.  Phases in each sample 
were analyzed for SiO2 (enstatite), Al2O3 (cpx), MgO (opx), FeOtotal (opx), MnO (rhodochrosite), 
TiO2 (rutile), Cr2O3 (uvarovite), CaO (cpx), Na2O (albite) and K2O (orthoclase) using a JEOL-
JXA-8200 Superprobe at Massachusetts Institute of Technology (standards in parentheses).  A 5 
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µm or 10 µm diameter electron point beam was accelerated at 15 kilovolts with a current of 
1.107 x 10-8 angstroms onto the solid surface of a polished thin section with a carbon coat.  
Anhydrous phases were analyzed with a 5µm beam, while hydrous phases were analyzed with a 
10µm beam in order to avoid volatilization of H2O.  Forty second measurement counts and 20 
second background counts were carried out for all elements except Na, for which 20 second 
measurement counts and 10 second background counts were performed to circumvent 
mobilization.  Weight percent analyses were converted to mineral formulas (apfu) using cation 
normalizations.  IMA nomenclature is applied, with specific references listed in Appendix B.  
Inductively Coupled Argon Plasma Mass Spectrometry 
Whole-rock major element analyses of 2 ultramafic samples from Stockbridge were 
obtained using an Inductively Coupled Argon Plasma Mass Spectrometer (ICAP-MS) at 
Middlebury College: 1 sample from the core and 1 sample from the exterior.  The rocks were 
analyzed for SiO2, Al2O3, TiO2, Fe2O3 (total), MgO, MnO, CaO, Na2O, K2O, and P2O5.  Initially, 
samples were cut into strips using a diamond blade saw and ground into powders using a 
shatterbox equipped with an aluminum sample holder.  Loss-on-ignition of each sample powder 
was measured after heating to 1000°C in a furnace.  Ignited powders were then placed into 
carbon crucibles and fused with lithium metaborate flux at 1020 - 1100°C.  The resultant bead 
was dissolved in 100 ml of 5% nitric acid, which was the solution used for ICAP-MS analyses. 
Radial plasma configurations (i.e. cross-sectional view) with 15 second counts per element were 
used for major element analyses.  Three weight percent measurements were acquired per sample 
and averaged against an internal germanium standard subsequent to a 90 second sample flush. 
Preparation procedures followed that of Coish and Sinton (1992). 




Linear algebra was utilized to constrain the metamorphic net-transfer reactions (e.g. 
Thompson et al., 1982a; Thompson, 1991; Thompson and Laird, 2005).  Net-transfer reactions 
represent linearly independent basis vectors of modal spaces (Thompson et al., 1982).  Net-
transfer reactions were derived through Gauss-Jordan reductions of matrices composed of oxide 
column vectors and phase row vectors (Thompson, 1982a; Thompson et al., 1982).  In order to 
perform a Gauss-Jordan reduction, each phase present in a sample (i.e. row vector) is assigned an 
end member composition, referred to as an additive component, which represents a position in 
chemical space based on its chemical formula (Thompson, 1982a).  Additive components vary 
along exchange vectors and net-transfer vectors, which correspond to two types of vector spaces:  
compositional spaces spanned by exchange reactions, and modal spaces spanned by net-transfer 
reactions (Thompson et al., 1982).  An example of a compositional space involving one additive 
component, tremolite, is given in Figure 1 from Thompson et al., 1982 and in Appendix Figure 3 
from Hawthorne et al., 2012.  Examples of modal spaces for mafic rocks are given in Figures 4 – 
6 from Thompson and Laird, 2005. 
  The dimensionality of a modal space depends on the number of linearly independent 
net-transfer reactions, while the shape of the space depends on the amount of phase transfer, in 
oxygen units, involved in each reaction (Thompson, 1982a).  Modal isopleths are calculated 
across the modal space to describe this net-transfer (Thompson and Laird, 2005).  The 
intersections of minimum and maximum isopleths define the corners of polyhedra, while 
adjoining isopleths are the bounding planes.  The volume of a particular polyhedron 
characterizes a modal space, within which all metamorphic reactions for the chemical system of 
interest take place.  Displacement within a modal space depends on the magnitude of 
57 
 
advancement along the net-transfer reactions, which is a function of pressure, temperature, aH2O 
and aCO2 (Thompson and Laird, 2005).  Modal space and isopleth calculations in this work 
follow the procedure of Thompson and Laird, 2005, Appendix 1. 
Structural and Mineralogical Data 
Structural and Mineralogical Fabrics 
Ultramafics in Stockbridge are part of an exhumed ultramafic-mafic-pelitic tectonic 
mélange that retain both Taconian and Acadian structures (Figure 2.2).  The ultramafics are 
fragmented into two distinct bodies:  1) A 350 m long irregularly-shaped body in the north that 
ranges in width between 125 m and 25 m; 2) A lens-shaped pod in the south that is 40 m long by 
10 m wide.  In the northern body, vertical foliations (S1) striking ~300° are cross-cut by vertical, 
roughly north-south striking foliations (S2).  These two planar fabrics form geometrical 
intersection lineations that are vertically plunging fault traces between S2 and S1 (Figure 2.3A).  
Mineral lineations on S1 (L1) are parallel to the fault traces, while mineral lineations on S2 (L2) 
plunge moderately to the north.  The southern body lacks a well-defined foliation because it is 
comprised of a more massive talc and carbonate rich fabric that is not overprinted by S2.  Both 
bodies are bounded by reactivated Taconian faults parallel to S1 that are cross-cut locally by 
Acadian faults striking parallel to S2.  Walsh and Falta (2001) interpreted E-W fabrics in 
Stockbridge as Taconian and N-S fabrics as Acadian; the same convention is utilized herein.    
The ultramafics are zoned mineralogically with respect to structural fabrics.  The small 
body in the south preserves S1 fabrics composed of serpentine-talc-magnesite±chromite schist 
that have not been overprinted by S2, while the body in the north exposes S1 fabrics that are 
overprinted by S2 composed of serpentine-talc-chlorite-dolomite±magnetite±chromite±ilmenite 
schist, talc-carbonate rock (Figure 2.3B), steatite layers, tremolite-chlorite-chromite layers, and 
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chlorite schist±magnetite porphyroblasts (Figure 2.3B).  Meter to sub-meter size dolomite veins, 
talc bodies, talc-carbonate zones, and chlorite enclaves are also embedded locally within S1 and 
S2 in the north (Figures 2.3C and 2.3D). The lack of overprinting in the south suggests that those 
rocks make-up the interior (i.e. core), and rocks in the north comprise the exterior (i.e. rim), of an 
originally cohesive ultramafic body.   
Exposed sections of S1 and S2 exhibit sub-meter-scale mineralogical layering (Figure 2.4 
and Plates 2.1 – 2.3).  At the northern extent of exposed ultramafics, layering of S2 between an 
Acadian fault and a reactivated Taconian fault is as follows, from west to east: chlorite schist 
with coarse-grained magnetite porphyroblasts, acicular tremolite up to 6 cm long with fine-
grained chlorite intergrowths and chromite porphyroblasts, chlorite-talc schist with coarse-
grained carbonate and magnetite porphyroblasts, and pure chlorite schist in contact with phyllitic 
country rock (Figure 2.4B and Plate 2.1B).  Coarse-grained tremolite also occurs along the same 
Acadian fault ~200 meters to the south (Figure 2.4A).  About 100 meters southeast of the 
northern exposed section, layering from west to east towards an intersection of a Taconian and 
Acadian fault is as follows: talc-carbonate rock (S1), steatite (S1), chlorite schist (S1), and chlorite 
schist with trace calcite and titanite (S2) (Figure 2.4A and Plate 2.1C).  The southern ultramafic 
body is cored by serpentinite and rimmed by chlorite schist (Figure 2.4A and Plate 2.1A).  
Overall, chlorite schist occurs adjacent to every fault plane that is recognized.  Table 2.1 
summarizes mineral assemblages of samples analyzed petrographically; samples analyzed 








     
    
    
    
    
    











































































































































































































































































































































































































Figure 2.3. Examples of mineralogical zoning in ultramafics. A) Field view of the 
intersection of S1 and S2 fabrics in the ultramafics in Stockbridge. Bold white line traces an 
Acadian fault parallel to S2, while the bold black line traces Taconian foliation (S1). The steeply-
dipping Acadian fault is cross-cutting a deformed Taconian foliation. Black box encloses the 
region that is in enlarged in Figure 2.4B. Inset is an equal area net projection of Taconian and 
Acadian structures. The trend and plunge of L1 is equal to the dip direction and dip, respectively, 
of the Acadian Fault plane. The mine opening in the center of the photo is ~1.5 meters tall. B) 
Field view of a talc-carbonate (tlc-crb) enclave in chlorite (chl)-magnetite (mag) schist. 
Carbonate weathering pits are observed in the enclave, while numerous magnetite porphyroblasts 
~1.5 cm across are observed in the schist. C) Field view of chlorite enclaves, dolomite (dol) 
veins, and talc layers embedded within S1. D) Field view of a S2 fabric containing a talc pod 








                  
                                                                
 Figure 2.4. Summary of mineralogical relationships in ultramafics. A) Enlarged maps of 
the northern (left) and southern (right) ultramafic bodies showing sample locations, field 
exposures of talc (tlc), tremolite (tr), and chlorite (chl), and mineralogical layering. Field 
observations are scarce in the northwestern region of the northern body because much of it is not 
exposed. Samples 1 – 17 correspond to Plates 2.1A – 2.3Q, respectively. B) Left - Enlarged view 
of rectangular region outlined in Figure 2.3A. Bold black lines mark boundaries between 
mineralogically distinct layers (Sample numbers indicated). Right – Enlarged image of region 
enclosed by the square outline on the image to the left. Note fingertip for scale.  
 
Mineral Textures 
Textural data are presented herein for samples that were analyzed chemically.  S1 in the 
inner core of the ultramafics is composed of fine-grained serpentine cross fibers that occur 
between mesh-like networks of extremely fine-grained talc veinlets (Plate 2.1A).  The fine-
grained serpentine-talc matrix is overgrown by euhedral magnesite porphyroblasts up to 0.5 mm 
across and locally talc porphyroblasts up to 1 mm long.  In some regions, magnesite grains are 
clustered together and form anastomosing veins.  Sub-rounded and ~0.5 mm wide chromite 
grains with irregular edges are preserved rarely within fine-grained talc-rich areas.  Sample 1 is 
the only sample collected that is not overprinted by S2.   
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Sample 4 (Plate 2.1D) retains S1 that is overprinted partially by S2.  Sample 4 is 
composed of a fine-grained grained talc-serpentine-chlorite matrix that forms an anastomosing 
network between rounded pseudomorphs up to 2 mm across that are made-up of fine-grained 
serpentine (Plate 2.1D).  Furthermore, euhedral dolomite porphyroblasts up to 3 mm across that 
include magnetite, serpentine and talc cut across rims of some serpentine pseudomorphs.  
Sample 8 (Plate 2.2H) comes from a fine-grained chlorite schist enclave.  This sample contains 
dolomite porphyroblasts up to 0.5mm across and fine-grained ilmenite and magnetite layers up to 
2 mm wide that overgrow a chlorite matrix.  
S2 fabrics are retained in samples 10 (Plate 2.2J), 11 (Plate 2.2K), and 16 (Plate 2.3P).  
Sample 10 displays coarse-grained tremolite that exhibits three perpendicular growth orientations 
with respect to the Z indicatrix axis; 3) Z-axes perpendicular to thin section surface.  All three 
grain sets are interlocking and are similar grain size.  Few grains with Z-axes perpendicular to 
the length of thin sections are kinked slightly.  Fine-grained, randomly oriented chlorite and 
relict chromite occurs with tremolite.  Oval-shaped pseudomorphs ~1.5 mm in length and ~0.5 
mm wide that comprised of fine-grained chlorite are observed on S2 adjacent to the coarse-
grained tremolite layer (Sample 11, Plate 2.2K).  These chlorite pseudomorphs occur within a 
fine-grained chlorite, talc and magnetite matrix that is overgrown by talc porphyroblasts up to 2 
mm long.  S2 fabrics that are adjacent to faults are composed primarily of very fine-grained, 
randomly oriented chlorite±magnetite±titanite and trace rutile (Sample 16, Plate 2.3P).  Euhedral 
magnetite or carbonate porphyroblasts can be up to ~2 cm across when present in chlorite layers, 














































































































































































































































































































     
  
     
   
   
   
   
   
   
   
   




Table 2.1. Summary of ultramafic mineral assemblages for all samples collected. 
Samples denoted with an asterisk were analyzed chemically with the electron microprobe 
(EMP).  Mineral names based on IMA nomenclature, with the mineral group listed if phase was 
not analyzed chemically. Chr is not distinguished from mag in sample 5. Abbreviations follow 
that of Whitney and Evans (2010). 
Unit Sample Number 
* = EMP analyses 
Interior/Exterior Mineral Assemblage 
Southern Unit 1* Interior srp-tlc-mgs-chr 
 2 Exterior 
(southeastern) 
chl-ab-ep-ttn-cb-qz-rt 
 3 Exterior 
(southwestern) 
chl-ilm-mag-rt-cal 
Northern Unit 4* Exterior tlc-srp-clc-dol-mag 
 5 Outer Interior srp-tlc-chr/mag 
 6 Outer Interior srp-cb-ilm-mag-tlc 
 7 Interior tlc-cb-mag-rt 
 8* Enclave in Interior clc-mag-ilm-dol 
 9 Exterior 
(northeastern) 
chl-mag-ilm-cal 
 10* Exterior 
(northeastern) 
tr-clc-chr 
 11* Exterior 
(northeastern) 
tlc-clc-mag-chr-cb 
 12 Exterior 
(northeastern) 
chl-mag-ilm-cal 
 13 Exterior (eastern 
limit) 
tlc-chl-mag 
 14 Exterior (eastern 
limit) 
dol-mag 
 15 Exterior (eastern 
limit) 
chl-ilm-mag-cal 
 16* Exterior (eastern 
limit) 
clc-ttn-rt-cal-mag 
 17 Interior chl-mag-cb 
 
Electron Microprobe Data 
 Table 2.2 shows the range in mineral compositions for the 6 samples analyzed with an 
electron microprobe: 1 sample from the inner core and 5 samples from more exterior regions.  
Serpentine, talc, and chlorite compositions deviate from Mg-endmember compositions along the 
Al2Mg-1Si-1 (TK) and FeMg-1 (FM) substitution vectors, while carbonate compositions vary 
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along the CaMg-1 (CM) substitution vector.  Variations in chromite and magnetite compositions 
are explained by substitution along the Fe3+Cr-1 (FC) vector.   
Table 2.2. Major element compositional ranges for phases in samples analyzed. The 
number of cations used in normalizations are enclosed in parentheses after the phase names, 
while parentheses within mineral formulas enclose cation ranges (apfu) for individual sites.  
Cations comprising ≤0.05 apfu are not included in the range. 
Sample 1   
Antigorite (5 cations) (Mg2.5-2.6Fe2+0.3AlVI0.1)Si2O5(OH)4   
Talc (7 cations) (Mg2.9Fe2+0.1)Si4O10(OH)2 
Magnesite (1 cation) (Mg0.9Fe2+0.1)CO3 
Chromite (3 cations) Fe2+(Cr1.6Fe3+0.4)O4 






Dolomite (2 cations) CaMg0.9(CO3)2 
Magnetite (3 cations) Fe2+(Fe3+1.93-2.0Cr0.0-0.07)O4 
Sample 8   
Clinochlore (Mg4.2-4.5Fe2+0.6-0.7AlVI0.8-1.0Fe3+0.1)(Si2.9-3.2AlIV0.8-1.1)O10(OH)8 
Magnetite (Fe2+0.9Mg0.08)Fe3+1.8O4 
Ilmenite (2 cations)           Fe2+0.9(Ti0.9-1.0Fe3+0.0-0.07)O3 
Dolomite CaMg(CO3)2 
Sample 10   
Tremolite (13 cations) (Ca1.8-2.0Na0.06-0.07)(Mg4.2-4.5Fe2+0.3-0.5Fe3+0.0-0.3)Si7.9-8.0O22(OH)2 
Clinochlore (Mg3.9-4.2Fe2+0.8-1.0AlVI0.9-1.1Fe3+0.0-0.1)(Si2.9-3.7AlIV0.3-1.1)O10(OH)8 
Ferrichromite Fe2+(Cr1.1Fe3+0.8)O4 




Cr magnetite               Fe2+0.9(Fe3+1.0-1.4Cr0.5-0.9)O4 
Ferrichromite Fe2+0.9(Cr1.2Fe3+0.8Mn0-0.08)O4 
Sample 16   
Clinochlore (Mg3.7-3.8Fe2+1.0-1.1AlVI1.1-1.2)(Si2.8-2.9AlIV1.1-1.2)O10(OH)8 
Titanite (3 cations)             CaTiSiO5 








FM and TK Substitutions 
Talc, serpentine, and chlorite display compositional variation along FM and TK exchange 
vectors from the additive components Mg3Si4O10(OH)2, Mg3Si2O5(OH)4, and 
Mg5AlSi3AlO10(OH)8, respectively (Figure 2.5).  TK is calculated as AlVI+Fe3++Ti+Cr (apfu) in 
order to account for additional cation exchange with AlVI (Thompson et al., 1982), while FM is 
determined from Mg/(Mg+Fe2+) (apfu).  For all three phases, FM is greater in S2 fabrics than in 
S1 fabrics not overprinted, or partially overprinted by S2.  TK tends to increase in both fabrics 
with proximity to the faults bounding the ultramafics, while FM and TK are greatest overall in 
chlorite on S2.  FM enrichment in chlorite with respect to structural fabrics, birefringence, and 
elongation direction is summarized in Table 2.3.  Chlorite preserves the largest range in TK, with 
S1 and S2 displaying distinct compositional trends.  The highest TK values are recorded in 
chlorite on S2 adjacent to the ultramafic-country rock contact (Sample 16), while the lowest TK 
values are preserved in chlorite on S1 that is partially overprinted by S2 (Sample 4).  Talc exhibits 
the least amount of FM substitution, retains the smallest range in TK, and does not vary 
systematically in composition with changes in structural fabrics.     
The range of FM in serpentine between sample 1 and sample 4 resembles closely that for 
chlorite between sample 4 and sample 8, while TK in serpentine approaches the highest TK 
values for chlorite (Figure 2.5).  FM and TK are greater in serpentine that exhibit pseudomorphic 
textures than non-pseudomorphic serpentine, which occurs in the core of the ultramafics.  
Serpentine in both localities have atomic Si/Mg ratios of 0.79 – 0.81, which is consistent with 




Figure 2.5. TK vs. Mg/(Mg + Fe2+) (apfu) for all chlorite, serpentine, and talc analyzed 
chemically. Bold, black arrow shows chemical trend in chlorite across S2 with decreasing 
distance from Acadian fault. Sample 16 is adjacent to fault. Dashed, black lines show chemical 
trends in chlorite and serpentine across S1 with increasing distance away from the inner core of 
the ultramafics. Sample 4 and Sample 8 occur in regions outside of the inner core where S1 
overprinted partially by S2.  
 
Table 2.3. Chlorite composition and its relation to birefringence and elongation (Based 





(Fetotal + Cr + Mn)/(Fetotal 
+ Cr + Mn + Mg) apfu 
Anomalous 
birefringence (length 
// to fast ray) 
 
Elongation 
4  S1 (overprinted 
by S2) 
0.12-0.13 brown fast 
8  S1 (overprinted 
by S2) 
0.12-0.16 pale grey-light brown fast 
10 S2 0.16-0.22 grey-light brown fast 
11  S2 0.17-0.21 light brown fast 
16  S2 0.22-0.23 pale grey-light brown fast 
 
CaMg-1 (CM) Substitution 
 Carbonate composition varies along the CM exchange vector.  Progress along CM is 
approximated by Ca/Ca+Mg, as Fe and Mn concentrations are extremely low (<0.1 apfu). 
Compositional variability within individual samples is <0.1 apfu.  CM is greater for S2 fabrics 
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than for overprinted and non-overprinted S1 fabrics, and increases outward from the core towards 
the ultramafic-country rock contact.  Magnesite occurs with relict serpentine on S1 in the 
ultramafic core, while dolomite veins occur with pseudomorphic serpentine and chlorite closer to 
faults.  The presence of calcite is restricted to chlorite schist adjacent to the ultramafic-country 
rock contact.   
Fe3+Cr-1 (FC) Substitution 
 Spinel group phase compositions vary along the FC exchange vector (Figure 2.6).  FC is 
quantified by Cr/(Cr+Fe3+), while the phase nomenclature is defined by the value of Fe3+/2 (apfu) 
(O’Hanley, 1996).  Nomenclature is a follows: chromite (0 – 0.24 apfu), ferrichromite (0.25 – 
0.5), Cr magnetite (0.51 – 0.75), and magnetite (0.76 – 1.0).  Representative FC and Fe3+/2 
values for each sample are plotted in Figure 2.6.  Chromite is preserved only in the core of the 
ultramafics, where chlorite is absent.  In all chlorite-bearing samples, FC substitution along the 
chromite-magnetite join is documented.  Magnetite is distributed throughout the ultramafic fabric 
outside of the core, while Cr magnetite and ferrichromite more restricted spatially.  The 
magnitude of the FC vector is not related spatially to fault proximity.   
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Figure 2.6. Fe3+/2 vs. Cr/(Cr + Fe3+) for phases along the chromite-magnetite join that 
were analyzed chemically. Nomenclature fields (O’Hanley, 1996) are distinguished with 
horizontal black lines, with the mineral name labeled in each field. Chromite is preserved only in 
the inner core of the ultramafics, where magnetite and chlorite are absent. Magnetite occurs in 
the ultramafic exterior, where chlorite predominates. 
 
Modal Spaces 
Hydration and Carbonatization  
Hydration and carbonatization reactions are derived using the mineralogical and chemical 
relationships exhibited by sample 1 (Plate 2.1A).  The phases present in this sample are, in order 
of decreasing modal abundance: antigorite, magnesite, talc, and chromite (Plate 2.1A).  
Exchange reactions are not considered in this derivation because, with the exception of chromite, 
all phases retain Mg-endmember compositions (Table 2.2).  Chromite is excluded from the 
following system of reactions because it is interpreted as a relict igneous phase that escaped 
alteration.  Enstatite and forsterite are included in the system because the protolith is assumed to 
be peridotite.  Methods presented by Thompson et al. (1982) and Thompson and Laird (2005) are 





The following definitions stated in Thompson et al. (1982) must be considered: 
 
∑Cφ    = Total number of independently variable phase components 
 
 CS        = Dimension of oxide space 
 
 NH           = Total number of independent closed system reactions 
 
 NX       = Total number of exchange reactions 
 
 NT           = Total number of independent closed system net-transfer reactions  
 
 NT + 2 = Total number of independent open system (H2O and CO2) net-transfer  
 
    reactions 
 
∑Cφ = # end-member components + number of exchange components 
 
 NH = ∑Cφ - CS   
 
NT = NH - NX 
 
Δn = n - no 
 
Δn = Change in mode of mineral 
 
 n = mineral mode  
 
no = initial mineral mode  
 
The system for sample 1 can be described as follows: 
 
Chemical system:                                MgO SiO2 H2O CO2 
 
Additive phase components:     Serpentine (srp)      Mg3Si2O5(OH)4 
 
              Magnesite (mgs)     MgCO3  
 
             Talc (tlc)                 Mg3Si4O10(OH)2 
 
                                   Enstatite (en)          MgSiO3 
 
                Forsterite (fo)         Mg2SiO4 
 




CS          = 4 
 
NH      = 5 – 4 = 1 
 
NX      = 0 
 
NT       = 1 – 0 = 1 (closed system) 
 
NT + 2 = 1 + 2 = 3 (open to H2O and CO2) 
 
Linearly independent net-transfer reactions are derived through a Gauss-Jordan reduction of  
 
the following coefficient matrix: 
 
 MgO SiO2 H2O CO2 
mgs 1 0 0 1 
en 1 1 0 0 
tlc 3 4 1 0 
srp 3 2 2 0 




Reduced equations from identity matrix:             MgO = 1/3srp + 2en – 2/3tlc 
 
   SiO2= 2/3tlc – en – 1/3srp 
 
   H2O = 1/3tlc + 1/3srp – 2en 
 
   CO2 = mag – 1/3srp – 2 en + 2/3tlc 
 
                   (closed system)  0 = fo – 3en – 1/3srp + 2/3tlc  
 
The three linearly independent net-transfer reactions derived from the reduction include the  
 
closed system reaction, the H2O-bearing reaction, and the CO2-bearing reaction, which are as 
  
written as below after rearrangement and conversion to whole numbers: 
  
Closed system reaction:          9en + srp = 3fo + 2tlc (1) 
 
Reaction 1 in oxygen units:    9/12en + 3/12srp = 4/12fo + 8/12tlc 
 




Reaction 2 in oxygen units:  6/7en + 1/7H2O = 4/7tlc + 3/7srp          
 
CO2-bearing reaction:      srp + 6en + 3CO2 = 3mgs + 2tlc (3)   
 
Reaction 3 in oxygen units:  9/33srp + 18/33en + 6/33CO2 = 9/33mgs + 24/33tlc. 
 
Reactions 1, 2, and 3 are defined as the z, x, and y basis vectors, respectively, which span 
a modal space involving hydration and carbonatization (Figure 2.7).  Assuming reaction progress 
is from left or right across the reactions as written above, the modal variation of each phase 
across each reaction with respect to oxygen units is as follows: 
Δn = en = -9/12 (1) – 6/7 (2) – 18/33 (3) 
 
Δn = fo = 4/12 (1) 
 
Δn = srp = -3/12 (1) + 3/7 (2) – 9/33 (3) 
 
Δn = tlc = 8/12 (1) + 4/7 (2) + 24/33 (3) 
 
    Δn = mgs = 9/33 (3) 
 
The points at which the reactions cannot proceed further occur along lines defined by the 
solution the equation, Δn = n - no, when n = 0, Δn for each phase is defined by the equation 
above, and no for each phase is equal to that calculated from the bulk composition of sample 1 
(Tables 2.4 and 2.5), as shown by Thompson and Laird (2005).  These lines are herein referred to 
as the [out]-lines, which trace the edge of 2-dimensional [out]-faces when projected in 3-
dimensions (Thompson et al.. 1982; Thompson and Laird, 2005). 
The magnitude of modal variation across the reactions is independent of bulk 
composition (Thompson et al., 1982; Thompson and Laird, 2005), although the bulk composition 
of sample 1 dictates the initial mineral modes.  The initial modes (no) of enstatite and forsterite 
were calculated following the method presented in Appendix of 1 of Thompson and Laird (2005) 
for mafic rocks.  Weight percent data were converted to atom units (Table 2.4) then transformed 
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linearly to molar enstatite and forsterite using a Gauss-Jordan reduction of a matrix defined by 
enstatite and forsterite as the column vectors and MgO and SiO2 as the row vectors.  Molar 
enstatite and forsterite were then converted to oxygen units, which define the initial modes (i.e. 
no) of enstatite and forsterite (Table 2.5).  The no values for enstatite and forsterite correspond 
with initial modes of 114% and -14%, respectively.  Although negative modes and modes greater 
than 100% are impossible in nature, they can still be added mathematically to equal 100% for the 
system.  The implication is that the initial system was 100% enstatite and 0% forsterite, 
consistent with an orthopyroxenite protolith.  The initial modes of serpentine, talc, and magnesite 
were zero (i.e. no = 0) (Table 2.5) because they did not occur initially in the igneous 
orthopyroxenite system.  The implications of these results will be discussed further in the 
“Discussion” section of this chapter.  
Table 2.4. Conversion of bulk composition of sample 1 to atom units (hydrous). 
Sample 1 
 






SiO2 49.74 60.09 0.83 1 Si 0.83 
Al2O3 0.56 101.96 0.01 2 Al 0.01 
FeO 5.60 71.85 0.09 1 Fe 0.08 
MgO 30.05 40.31 0.75 1 Mg 0.75 
MnO 0.03 70.94 0.0004 1 Mn 0.0004 
TiO2 0.01 79.9 0.0001 1 Ti 0.0001 
Cr2O3 0.13 121.99 0.001 2 Cr 0.002 
CaO 0.11 56.08 0.002 1 Ca 0.002 
Na2O 0.02 61.98 0.0003 2 Na 0.0006 
K2O 0.00 94.2 0 2 K 0 
Total 86.25     
 
Table 2.5. Initial modes of phases included in the system of sample 1. 
 Linear transformation (atom units) Mol units Oxygen units (no) 
enstatite 2SiO2 - MgO 0.91 1.14 
forsterite MgO – SiO2 -0.08 -0.14 
serpentine Not necessary 0 0 
talc Not necessary 0 0 
magnesite Not necessary 0 0 
76 
 
Reactions 1, 2, and 3 are combined linearly and three additional reactions are derived: a 
serpentine-absent reaction, a talc-absent reaction, and an enstatite- and forsterite-absent reaction 
(Figure 2.7).  These reactions had potential to be relevant in the reaction history, as reactions 1, 
2, and 3 most likely proceeded simultaneously.  The reactions are written as follows, with the 
corresponding combinations of reactions 1, 2, and 3 noted, and compiled in Table 2.6: 
Serpentine-absent reaction (1 + 2):                  15en + 3H2O = 3fo + 3tlc (4) 
 
Talc-absent reaction (1 – 2*2):                3en + 3fo + 6H2O = 3srp (5)  
  








   Figure 2.7. Modal space spanned by the closed system reaction 1, the H2O-bearing 
reaction 2, and the CO2-bearing reaction 3 basis vectors, with reactions 4, reaction 5, and 
reaction 6 vectors also shown. x-axis = reaction 2; y-axis = reaction 3; z-axis = reaction 1. The 
rectangular outline encompasses the reaction 1 – reaction 2 plane (Figure 2.8A), while reaction 3 




Table 2.6. Summary of hydration and carbonatization net-transfer reactions. Reactions 1, 
2, and 3 are linearly independent. Abbreviations follow that of Whitney and Evans, 2010. 
1 9en + srp = 3fo + 2tlc Closed system 
2 6en +3H2O = tlc + srp Open to H2O 
3 srp + 6en +3CO2 = 3mgs + 2tlc Open to CO2 
4 15en + 3H2O = 3fo + 3tlc 1 + 2 
5 3en + 3fo + 6H2O = 3srp 1 – 2*2 
6 2srp + 3CO2 = 3mgs + tlc + 3H2O 3 - 2 
 
   The modal space involving hydration only is spanned by the basis vectors, reaction 1 and 
reaction 2 (Figure 2.8A).  The initial modal abundances of enstatite, forsterite, talc and 
serpentine, as calculated in oxygen units for the bulk composition of sample 1, define the origin. 
Accordingly, the 114% enstatite isopleth, the -14% forsterite isopleth, the 0% talc isopleth and 
the 0% serpentine isopleth intersect the origin (Figure 2.8A).  Because enstatite mode can be no 
greater than 100% and forsterite mode no less than 0%, enstatite and forsterite are 100% and 0% 
at the origin, respectively.  Modal variations of each phase across reactions 1 and 2 are described 
by the modal isopleths in Figure 2.8A, with the [out]-lines for enstatite and forsterite indicated.  
The origin defines the point at which serpentine and talc go [out] because their initial modes 
were zero. 
Forsterite is absent from reaction 2, and, therefore, maximum increases in modal 
forsterite take place along reaction 1 perpendicular to reaction 2 (Figure 2.8A).  Enstatite mode 
decreases in the positive directions along both reactions 1 and 2, while talc and serpentine modes 
increase in the positive direction along reaction 2.  Talc mode also increases in the positive 
direction along reaction 1, but serpentine mode decreases in the positive direction of reaction 1. 
Talc mode increases more quickly than serpentine mode in the positive direction along reaction 
2.  Enstatite decreases more quickly than serpentine in the positive direction of reaction 1, 
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although, serpentine is consumed more readily in the positive direction of reaction 1 than in the 
positive direction of reaction 2. 
The modal space involving CO2 is spanned by the basis vectors, reaction 1 and reaction 
3, as illustrated in Figure 2.8B.  The origin in Figure 2.8B is defined by the same initial modes as 
in Figure 2.8A, except that forsterite is absent in the system and magnesite is present in the 
system with an initial mode (i.e. no) equal to zero.  Magnesite and talc modes increase and 
enstatite mode decreases in the positive direction of reaction 3, while serpentine mode increases 
in the negative direction of reaction 3 (Figure 2.8B).  Increases in talc mode occur more quickly 
in the positive direction of reaction 3 than increases in magnesite mode.  Enstatite mode 
decreases in the positive directions of both reaction 1 and 3.  Enstatite and forsterite modes 
ultimately reach 0% at the expense of talc and serpentine growth during hydration (Figure 2.8A) 
and magnesite growth during carbonatization (Figure 2.8B).  Serpentine was overgrown partially 




    
    
     
Figure 2.8. Two-dimensional modal spaces for the bulk composition of sample 1. 
Reactions in oxygen units emanate from the origin and proceed, from left to right as written, in 
the positive directions. A) Modal space involving H2O. Isopleths are calculated in 20% intervals 
for enstatite, forsterite, talc, and serpentine. Reaction 2 defines the x-axis and reaction 1 (closed 
system) defines the y-axis. [Out]-lines in bold. B) Modal space involving CO2. Isopleths 
calculated in 20% intervals for enstatite, serpentine, talc, and magnesite.  Reaction 3 defines the 





Net-transfer reactions involving chlorite and/or tremolite are derived primarily from the 
mineralogical and chemical relationships in samples 4 (Plate 2.1D), 10 (Plate 2.2J), and 11 (Plate 
2.2K).  Major phases observed include, in order of decreasing modal abundance:  clinochlore, 
talc, tremolite, dolomite, serpentine, and chromite-magnetite group.  Chromite-magnetite group 
phases are excluded in the analysis because modal and chemical variability along the chromite-
magnetite join is described entirely by FC substitution.  Furthermore, magnetite growth can be 
described by the reaction: 2serpentine + magnetite + 3CO2 = talc + 3magnesite + magnetite + 
3H2O (Chidester, 1962).  Deviation from Mg end-member compositions for the remaining 
phases occurs through CM or TK substitution, therefore, both of these phase components are 
treated as additive components in the following derivation.   
    
Chemical system:                CaO MgO Al2O3 SiO2 H2O CO2 
 
Additive phase components:                           Clinochlore (clc)   Mg5AlSi3AlO10(OH)8 
 
                           Magnesite (mgs)   MgCO3  
 
                          Serpentine (srp)    Mg3Si2O5(OH)4 
 
                          Talc (tlc)               Mg3Si4O10(OH)2 
 
                                                Tremolite (tr)        Ca2Mg5Si8O22(OH)2 
 
                              TK                        Al2Mg-1Si-1 
 











Number of net-transfer reactions: ∑Cφ   = 7 + 0 = 7 
 
CS          = 6 
 
NH      = 7 – 6 = 1 
 
NX      = 0 
NT       = 1 – 0 = 1 (closed system) 
 
NT + 2 = 1 + 2 = 3 (open to H2O and CO2) 
 
The coefficient matrix for this system is organized as follows: 
 
 CaO MgO Al2O3 SiO2 H2O CO2 
tr 2 5 0 8 1 0 
srp 0 3 0 2 2 0 
clc 0 5 1 3 4 0 
mgs 0 1 0 0 0 1 
tlc 0 3 0 4 1 0 
TK 0 -1 1 -1 0 0 
CM 1 -1 0 0 0 0 
 
Reduction of the coefficient matrix for this system results in three additional linearly 
independent net-transfer reactions: 
 
Closed system reaction:             2srp + TK = clc (7) 
 
Reaction 7 in oxygen units:              18/18srp + 1/18TK 
 
H2O-bearing reaction:             5tlc + 2srp + 6CM = 3tr + 6H2O (8) 
 
Reaction 8 in oxygen units:           10/13tlc + 3/13srp + 1/13CM = 12/13tr + 1/13H2O  
  
CO2-bearing reaction:             3dol + 7tlc + 3CM = 3tr + 2srp + 6CO2 (9) 
 
Reaction 9 in oxygen units:              6/34dol + 28/34tlc + 1/34CM = 24/34tr + 6/34srp  
 
                                                          4/34CO2 
 
Reaction 7 is combined linearly with reactions 8 and 9 to form an additional H2O-bearing net-
transfer reaction (10) and an additional CO2-bearing net-transfer reaction (11) (Figure 2.9), both 
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of which explain the observed mineral assemblages involving chlorite and/or tremolite (e.g. Plate 
2.1D, Plate 2.2J, and Plate 2.2K).  Reactions 10 and 11 are written as follows: 
H2O-bearing reaction (7 + 8):                      4srp + 5tlc + TK + 6CM = 3tr + clc + 6H2O (10) 
CO2-bearing reaction (7 + 9):                    3dol + 7tlc + TK + 3CM = 3tr + clc + 6CO2 (11) 
 
 
When rutile, titanite, calcite and quartz are added to the system, as is observed along the 
ultramafic-country rock contact (Plate 2.3P), an additional net-transfer reaction is derived: 
 
Net-transfer reaction open to CO2:                 qz + cal + rt = ttn + CO2 (12).   
 
 
Table 2.7 summarizes the reactions involving chlorite and/or tremolite.  Reactions 7, 8, 
and 9 form the basis vectors of a three-dimensional modal space involving chlorite- and 
tremolite-bearing assemblages that are stable with H2O and CO2 (Figure 2.9).  The bulk 
composition of sample 4 (Plate 2.1D and Table 2.8) was utilized to calculate the initial modes of 
the phases (Table 2.9) and the faces of the polyhedron in Figure 2.9, following the methods 
described in Appendix 1 from Thompson and Laird (2005).  The polyhedron faces (i.e. [out]-
faces) represent the limits of the modal space, beyond which the modal change of a particular 
phase exceeds the initial mode of the phase (Thompson et al., 1982; Thompson and Laird, 2005).  
Modal isopleths of a particular phase are oriented parallel to the [out]-face of that phase.  Modal 
variations were calculated assuming that all reactions proceeded from left to right as written 






Table 2.7. Summary of reactions involving chlorite and/or tremolite. 
7 2srp + TK = clc Closed system 
8 5tlc + 2srp + 6CM = 3tr + 6H2O Open to H2O 
9 3dol + 7tlc + 3CM = 3tr + 2srp + 6CO2 Open to CO2 
10 4srp + 5tlc + TK + 6CM = 3tr + clc + 6H2O 7 + 8 
11 3dol + 7tlc + TK + 3CM = 3tr + clc + 6CO2 7 + 9 
12 qz + cal + rt = ttn + CO2 +rt,ttn,cc,qz 
 
Table 2.8. Conversion of bulk composition of sample 4 to atom units (hydrous).  






SiO2 38.59 60.09 0.64 1 Si 0.642 
Al2O3 2.29 101.96 0.02 2 Al 0.045 
FeO 8.84 71.85 0.12 1 Fe 0.12 
MgO 20.99 40.31 0.52 1 Mg 0.52 
MnO 0.13 70.94 0.002 1 Mn 0.002 
TiO2 0.04 79.9 0.0005 1 Ti 0.0005 
Cr2O3 0.26 121.99 0.002 2 Cr 0.004 
CaO 2.30 56.08 0.04 1 Ca 0.04 
Na2O 0.04 61.98 0.0007 2 Na 0.001 
K2O 0.01 94.2 0.0001 2 K 0.0002 
Total 73.49     
 
Table 2.9. Initial modes of phases included in the system of sample 4. 
 Linear transformation (atom units) Mol units Oxygen units (no) 
dolomite CaO 0.041 0.106 
serpentine 2/3MgO - 1/2SiO2 - 2/3CaO - 11/6A12O3 -0.084 -0.323 
talc 1/2SiO2 - 1/3MgO + 1/3CsO + 1/6A12O3 0.169 0.87 
chlorite Al2O3 0.045 0.348 
tremolite Not necessary 0 0 
 
The intersections of all the [out]-faces define the apices of the polyhedral modal space, in 
which all possible reactions for the system are described (Figure 2.9).  Tremolite and chlorite 
mode increase in the positive directions of all reactions, while talc and dolomite modes decrease 
in the positive directions of all reactions. Serpentine mode decreases in the positive directions 
along all reactions except reaction 9, along which mode increases.  Ultimately, metamorphism of 
the exterior of the ultramafics involved increases in tremolite and chlorite mode (e.g. Figures 2.3 
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and 2.4 and Plates 2.2I – 2.2L and 2.3M – 2.3Q) and, therefore, the reaction path through the 
modal space ends the point where tremolite and chlorite modes are maximized (Figure 2.9).  




Figure 2.9 Modal space involving chlorite- and tremolite-bearing reactions. x-axis = 
reaction 8; y-axis = reaction 7; z-axis = reaction 9. The open arrow illustrates the metasomatic 
reaction path. The path ends at the intersection of [srp], [dol], and [tlc] (i.e. [out]-faces), which 
represents the point at which chlorite and tremolite modes are maximized simultaneously for the 
bulk composition of sample 4. [srp] is the back face and [chl] is the front face. + indicates the 
positive direction of the particular reaction. Reaction 10 = Reactions 7 + 8; Reaction 11 = 






The ultramafics in Stockbridge are composed of two structural zones that are distinct 
mineralogically: 1) an older talc-serpentine-magnesite-chromite core (S1); 2) a younger talc-
chlorite±serpentine±magnetite±chromite±tremolite exterior shell (S2) (Figures 2.2 – 2.4).  In 
regions along the outer core, both S1 and S2 fabrics are evident.  The inner core preserves the 
earliest evidence for net-transfer reactions because it is not overprinted by S2 fabrics.  The 
presence of abundant talc and serpentine in sample 1 (Plate 2.1A) from the inner core provides 
evidence for early hydration reactions within the system of sample 1 (Figure 2.7 and Table 2.6).  
Serpentine in sample 1 is overgrown partially by magnesite and talc (Plate 2.1A), indicating that 
carbonatization reactions (Table 2.6) occurred subsequent to serpentinization and were also 
important in the formation of the inner core of the ultramafics.  Chloritization post-ceded, or 
accompanied partially, carbonatization because it is pervasive only in rocks from the ultramafic 
exterior that are adjacent to faults activated during Acadian orogenesis (e.g. Figure 2.4 and Plates 
2.3P and 2.3Q). 
Hydration and carbonatization of orthopyroxenite in Stockbridge resulted in the growth 
of talc, serpentine, and magnesite at the expense of enstatite (Figure 2.8).  Taconian 
metamorphism involved hydration and carbonatization reactions (Table 2.6) that were related to 
the development of S1 fabrics.  All enstatite in the system was consumed during metamorphism 
of S1 within the modal space spanned by reactions 1, 2, and 3 (Figures 2.7 and 2.8).  
Petrographic evidence supports enstatite-absent carbonatization via reaction 6, as magnesite 
overgrows serpentine in thin section (Plate 2.1A).  Ultimately, Taconian metamorphism 
involving hydration and carbonatization of enstatite (Figure 2.8) resulted in the observed 
assemblage in sample 1, tlc-srp-mgs (Plate 2.1A).   
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 Chlorite- and tremolite-bearing S2 fabrics overprinted hydrated and carbonatinized S1 
fabrics along faults through reactions 7 – 12 (Table 2.7), which describe Acadian metamorphism.  
Acadian metasomatism of Al, Si, Ca, and Mg resulted in bulk compositional variation and the 
formation of outcrop-scale mineralogical zones along the exterior of the ultramafics (Figure 2.4) 
(e.g. Sanford, 1982), which is illustrated as the 3-dimensional modal space in Figure 2.9.  The 
potential path through the space begins at the intersection of [chl] and [tr] and ends at the 
intersection of the [dol], [srp], and [tlc], where modal tremolite and chlorite are maximized 
(Figure 2.9).  Metasomatic aluminum sourced from the surrounding pelitic schist may have 
influenced TK substitution in serpentine, which resulted in closed system alteration to chlorite 
via reaction 7 and the formation of chlorite pseudomorphs (Plate 2.2K).   Metasomatism of 
calcium from the surrounding mafic rocks may have initiated dehydration and decarbonatization 
of the carbonated serpentinite system via reactions 8 – 12 and resulted in the growth of tremolite 
(Plate 2.2J), dolomite (Plate 2.2H), talc (Plate 2.3M), and serpentine pseudomorphs (Plate 2.1D).    
Talc and carbonate are ubiquitous across both S1 and S2 fabrics, suggesting that the entire 
ultramafic system (i.e. core and exterior) was open to CO2 throughout the metamorphic history.  
Three different scenarios address the duration and extent of carbonatization: 1) reaction 6 
occurred across the entire ultramafic body during the formation of S1 fabrics, and carbonated 
fabrics were later reworked structurally into S2; 2) pluses of reaction 6 ensued in the core of the 
ultramafics during the formation of S1, and more pulses occurred in the exterior throughout the 







Taconian and Acadian faults were critical for opening the ultramafic system to H2O and 
CO2 and instigating reactions.  The rocks that are least affected by fault-related reactions occur in 
a zone a few meters wide in the core of the ultramafic body.  The rocks in this zone retain the 
earliest evidence in the field area for Taconian hydration and carbonatization reactions.  The 
remaining ultramafics in Stockbridge are cross-cut by closely spaced Acadian faults and 
reactivated Taconian faults (Figure 2.2).  Mineralogical zones adjacent to fault planes result from 
dehydration and decarbonatization reactions induced by metasomatism.  The changing 
mineralogy during Acadian deformation may have partially facilitated fault propagation, as 
chlorite could have acted as a fault lubricant.  All identified fault planes in the study area are 
bound by chlorite on either the hanging wall and/or footwall (Figures 2.2 and 2.3).  
H2O and CO2 were integral components to the metamorphic and deformational 
development of subduction zone mélange in Stockbridge, Vermont.  Hydration influenced 
deformation of the ultramafics by decreasing the shear moduli of the pyroxenite protolith 
(Escartín et al., 2001).  As the ultramafics were hydrated, they became a zone for strain 
localization and accumulation with respect to the surrounding mafic and pelitic rocks.  
Accordingly, the structural development of the ultramafics may have been critical to the style of 
emplacement of the entire mélange.  Localized strain accumulation induced dehydration along 
the ultramafic exterior, which coincided with chlorite and tremolite growth.  Carbonatization 
may have persisted throughout the entire metamorphic history.  This research raises questions 
regarding the source of CO2 during subduction zone metamorphism of the mélange and, as well, 
the tectonic influences on CO2 in subduction zones in general. 
 









CO2 is extracted from subduction zones through exhumation of high pressure rocks in 
hydrated buoyant channels above slab-mantle wedge interfaces.  Phase equilibria modeling of 
partially carbonatinized serpentinites from the Vermont Appalachians reveals that 
carbonatization of the mantle wedge is triggered at the onset of exhumation, which occurs 
subsequent to the completion of hydration reactions.  High temperature serpentinization reactions 
originate and proceed down temperature to completion over temperature ranges as narrow as 
15°C, while carbonatization can persist over 900°C and 20 GPa ranges if CO2 is available.  
Whole rock density decreases during exhumation as a result of carbonatization reactions shifting 
to lower pressure with increasing XCO2.  Earthquakes are potential exhumation triggers that drive 
the availability of reactive CO2. 
Introduction 
Pulses of CO2 expulsion accompany pulses of hydration in subduction zones (e.g. 
Peacock, 1990; Jarrard, 2003; Gorman et al., 2006; Ague and Nicolescu, 2014).  Dehydration 
reactions in a subducting slab provide H2O sources for hydration reactions in the overlying 
mantle wedge (Peacock, 1993; Hacker et al., 2003b), while subducted calcareous sediments, 
carbonated metabasalts, and mantle devolitization are potential CO2 sources (Peacock, 1993; 
Kerrick and Connolly, 2001; Bjerga et al., 2015).  Hydrated serpentine-bearing and serpentine-
absent zones above the slab-mantle wedge interface are important rheologically in the 
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development of hot, buoyant, low viscosity channels that influence tectonic underplating, slab 
delamination, and exhumation of high pressure rocks (e.g. Geyra et al., 2002; Geyra et al., 2008; 
Hebert et al., 2009; Hilairet and Reynard, 2009; Hirth and Guillot, 2013).  The relationship 
between carbonatization (i.e. growth of carbonate minerals (O’Hanley, 1996)) and mantle wedge 
instability, however, is not well constrained.  Elucidating the petrological relationships between 
hydration and carbonatization reactions in subduction zones is essential for developing 
comprehensive exhumation models.   
Partially carbonatinized serpentinites along the Iapetan subduction zone suture in 
Vermont were subducted and exhumed as the Iapetus Ocean was destroyed during the Taconian 
Orogeny (Stanley et al., 1984; Stanley and Ratcliffe, 1985; Macdonald et al., 2014).  Traditional 
interpretations of ultramafics in the northern Appalachians suggest that they are obducted 
ophiolite fragments (Doolan et al., 1982; Stanley et al., 1984; Stanley and Ratcliffe; 1985; Coish 
and Gardner, 2002); however, more recent petrological data from ultramafics in Stockbridge, VT 
(Figure 3.1) support a forearc mantle wedge protolith (Honsberger, 2014).  The ultramafics in 
Stockbridge provide evidence for polymetamorphic subduction zone reactions that span a history 
from peak metamorphism to retrograde metamorphism during exhumation (Chapter II).  The 
polymetamorphic subduction zone reactions from Chapter II are as follows (mineral 
abbreviations from Whitney and Evans (2010)): 
1. 3fo + 2tlc = 9en + srp  
2. 6en +3H2O = tlc + srp  
3. srp + 6en +3CO2 = 3mgs + 2tlc  
4. 15en + 3H2O = 3fo + 3tlc (srp-absent)  
5. 3en + 3fo + 6H2O = 3srp (tlc-absent)  




These reactions suggest that carbonatization post-ceded hydration because serpentine had to 
grow first before it could be consumed via carbonatization (Chapter II).  Furthermore, 
serpentine-absent and talc-absent hydration were potentially prevalent during subduction zone 
metamorphism (Chapter II). 
 The study herein calibrates this reaction sequence with respect to pressure, temperature, 
and XCO2.  Several numerical models exist that describe the geodynamics of subduction and 
exhumation in the context of a hydrated mantle wedge (e.g. Geyra et al., 2008; Agard et al., 
2009; Hebert et al., 2009); however, few models investigate the role and influence of CO2 on 
subduction and exhumation dynamics (e.g. Perchuk and Korepanova, 2011; Bjerga et al., 2015).  
Petrological data from exhumed terranes exposed in field settings is necessary for testing the 
validity and application of subduction zone models.  This investigation establishes a petrological 
context for modeling H2O and CO2 cycling in the deep Earth, which ultimately drives megathrust 
earthquakes and is integral to back-arc volcanism (Peacock, 1990; Molina and Poli 2000; Kerrick 
and Connolly, 2001; Hacker et al., 2003b; Manning, 2014). 
Methods 
Bulk compositional data from the partially carbonatinized serpentinite sample (Figure 1) 
were utilized in pseudosection modeling (i.e. phase equilibria modeling) with Perple_X 
(Connolly, 2005).  The thermodynamic database of Holland and Powell (1998), modified by 
Klemme et al. (2009) and including seismic properties from Connolly and Kerrick (2002) and 
Connolly (2005), provided the basis for free energy minimization calculations in the MgO, FeO, 
Al2O3, SiO2, and Cr2O3 system.  The CORK equations of state (Holland and Powell, 1991 and 
1998) were defined for H2O and CO2, both of which were treated as saturated components in all 
calculations.  Phase stabilities, modal isopleths, and whole-rock densities were calculated for a 
91 
 
magnesite-absent assemblage and a magnesite-bearing assemblage: 1) En-Fo-Srp-Tlc-Chr; 2) 
Srp-Tlc-Mgs-Chr (Figure 3.1).   
Assemblage 1 was modeled in order to derive the magnesite-absent hydration reactions 
presented above, while assemblage 2 (Figure 3.1) reflects the carbonatization reaction 6.   
Enstatite and forsterite are included in assemblage 1 because hydration of a pyroxenite protolith 
is assumed (Chapter 2).  Solution models for antigorite (Padrón-Navarta et al., 2013) and talc 
(Holland and Powell, 1998) were utilized in calculations involving both assemblages in order to 
account for Al2Mg-1Si-1 (TK) substitution in those phases.  All FeO and Cr2O3 was assumed to be 
in chromite, which is consistent with textural data from the modeled sample (Chapter II).  The 
pressure and temperature ranges for magnesite-absent calculations were 0.1 – 2.5 GPa and 200 – 
1000°C, while magnesite-bearing equilibria were calculated between 0°C and 1000°C, 0.05 GPa 
to 2.5 GPa, and 0.0 and 1.0 XCO2. 
Reactions 1, 2, 4, and 5 and the carbonatization reaction 6 were calibrated, respectively, 
based on modal variations across the phase stability fields in the magnesite-absent space and the 
magnesite-bearing space.  Reaction 3 is not calibrated because enstatite-absent carbonatization is 
assumed for the system (Chapter II).  The stability fields that do not encompass modal changes 
are considered to be non-reactive phase assemblages.  Conditions of metamorphism for the 
modeled sample are deciphered using reaction intersections that are consistent with textural data 




Figure 3.1. In cross-polarized light, 
photomicrograph of the carbonatinized serpentinite 
sample from Stockbridge, VT that was analyzed in 
this study. Veins of tlc and porphyroblasts of mgs 
overgrowing a srp matrix provide evidence for 
Reaction 4. The inset is a state map of Vermont 
with the Iapetan suture (Macdonald et al., 2014) 
traced by the dashed line and the location of 





Calibration of Hydration Reactions 
Figure 3.2A shows the resulting pseudosection for magnesite-absent calculations, with 
stable assemblages indicated for each field and whole-rock density isopleths superimposed.  
Figures 3.2B – 3.2E show, respectively, the modal variations of enstatite, forsterite, talc, and 
serpentine across the P-T space.  With decreasing temperature above ~725°C, enstatite mode 
decreases gradually with increasing forsterite and talc; modal talc increases more than modal 
forsterite (Figures 3.2B – 3.2-D).  Enstatite mode decreases most rapidly with decreasing 
temperature from ~725°C to ~675°C above ~2.0 GPa (Figure 3.2B).  Forsterite mode decreases 
down temperature by ~20% volume to consumption over a ~15 – 20°C range that moves to 
higher temperature with increasing pressure, with forsterite-out occurring at ~740°C at 2.5 GPa 
(Figure 3.2C).  Modal talc decreases concomitantly by ~20% volume with decreasing forsterite, 
but overall remains above ~25% volume (Figures 3.2C and 3.2D).  Above ~2.0 GPa, talc mode 
eventually increases to ~50% volume with decreasing temperature down to ~675°C (Figure 
3.2D).  Serpentine mode changes from 0% volume to ~50% volume down temperature over a 
range of 60°C or less, with the range narrowing to about ~15°C below ~2.0 GPa (Figure 3.2E).  
Decreases in whole-rock density also occur with decreasing temperature and are most prominent 
in the regions where serpentine mode increases (Figure 3.2A and 3.2D).  Below the temperatures 
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at which serpentinization occurs, whole-rock density decreases with decreasing pressure (Figures 
3.2A and 3.2D).   
Hydration along reactions 2, 4 and 5 and closed system reaction along 1, from left to right 
as written, are associated with decreasing temperature (Figure 3.2F).  Above ~675 – 725°C, 
serpentine-absent hydration (reaction 4) explains the modal changes of enstatite, forsterite, and 
talc (Figures 3.2B – 3.2D), while serpentinization occurs at lower temperatures (Figure 3.2F).  
The particular serpentinization reaction that takes place is dependent on pressure.  At ~2.0 GPa, 
closed system serpentinization (reaction 1) occurs between ~700°C and ~685°C and forsterite-
absent open system serpentinization (reaction 2) occurs between ~685°C and 675°C.  Above 
~2.0 GPa, the temperature range for reaction 1 remains ~15°C, but moves to higher temperature 
with increasing pressure.  The temperature range of reaction 2 increases with pressure above 
~2.0 GPa to ~60 °C at 2.5 GPa.  Below ~2.0 GPa, enstatite-absent serpentinization (reaction not 
numbered) occurs over a 15 – 20°C range and moves to lower temperature with decreasing 
pressure (Figure 3.2F).  The intersection of reactions 1, and 2 with enstatite-absent 
serpentinization occurs at ~2.0 GPa and ~675°C and represents the point at which talc-absent 

















Figure 3.2. P-T pseudosection for the assemblage En-Fo-Srp-Tlc-Chr from 200 – 1000°C 
(X-axis) and 0.1 – 2.5 GPa (Y-axis) and at XCO2 = 0. The same pseudosection is shown in A – F. 
A) Calculated mineral equilibria with associated whole-rock density isopleths superimposed. B) 
Red lines = enstatite modal isopleths; range = 0 – 72%; interval = 8%; dashed, bold line = 
minimum; solid, bold line (lower right-hand corner) = maximum. Regions of increasing and 
decreasing enstatite are labeled, with direction of change indicated by the black arrow above 
pseudosection. C) Orange lines = forsterite modal isopleths; range = 0 – 24%; interval = 4%; 
dashed, bold line = minimum; solid, bold line = maximum. Remaining explanation as in B. D) 
Brown lines = talc modal isopleths; range = 22 – 76%; interval = 6%; dashed, bold line = 
minimum; solid, bold line (lower right-hand corner) = maximum. Remaining explanation as in 
B. E) Green lines = serpentine isopleths; range = 0 – 45%; interval = 5%. Remaining explanation 
as in B. F) Summary of modal changes, with corresponding reactions labeled. Solid, bold line = 
Srp-in; dashed, bold line = Fo-out; dotted line = En-out and 70% Tlc.  
 
Calibration of Carbonatization Reaction 
Textural evidence from the modeled sample indicates that carbonatization occurs 
subsequent to serpentinization (Chapter II).  Figure 3.3A shows an isothermal pseudosection 
calculated at 677°C for the magnesite-bearing assemblage, with designated mineral stability 
fields and whole-rock density isopleths.  This temperature was chosen because it is inferred to be 
the temperature at which serpentinization ceases with decreasing temperature.  All modal 
changes in this system occur within the extremely narrow talc-serpentine-magnesite-chromite 
field.  Serpentine mode decreases from ~40% volume to 0% volume across the thickness of the 
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field with increasing XCO2, while modal magnesite increases from 0% volume to ~17% volume 
and talc mode increases from ~50% volume to ~80% volume.  Whole-rock density increases 
across the narrow reaction field with increasing CO2; however, density decreases overall with 
decreasing pressure.  
Carbonatization (reaction 6) proceeds within the Tlc-Srp-Mgs-Chr field as the reaction 
field shifts to lower pressure with increasing XCO2.  The isothermal Tlc-Srp-Mgs-Chr field only 
encompasses a range in XCO2 of <0.1 and, therefore, is here considered a curved reaction line 
with a defined thickness through isothermal P-T space.  Because the 2-D reaction curve at 677°C 
defines a reaction pathway to lower pressure, it characterizes a potential exhumation path.  The 
summation of all possible 2-D isothermal reaction curves from 100°C to 1000°C and between 
0.5 GPa and 2.5 GPa forms the 3-D carbonatization plane in Figure 3.3B.  The plane 
encompasses the entire area within the limits of the defined P-T-XH2O-XCO2 space along which 
exhumation can accompany carbonatization.  The inferred carbonatization path of the sample 
examined begins at the cessation of serpentinization and ends at the peak conditions of 
subsequent retrograde chlorite overprint, which are constrained for these rocks (Honsberger, 






Figure 3.3. A) P-XCO2 pseudosection for the assemblage Srp-Tlc-Mgs-Chr from 0 – 1 
XCO2 (X-axis) and 0.05 – 2.5 GPa (Y-axis) at 677°C, with whole-rock density isopleths 
superimposed. Reaction 6, from left to right as written, proceeds with decreasing pressure and 
increasing XCO2 within the Tlc-Srp-Mgs-Chr field, while no reactions take place in the Tlc-Srp-
Chr and Tlc-Mgs-Chr fields. The bold arrow shows the inferred reaction path during exhumation 
to lower pressure.  The path begins where serpentinization ceases (open circle) and ends at the 
onset of chlorite overprint (solid circle). B) 3-D projection of all possible isothermal 
pseudosections for the modeled sample. Pressure increases downward from 0.05 – 2.5 GPa, 
depth increases downward from ~1.5 ~ 75 Km, temperature increases toward the back of the 
cube from 100 – 1000°C, XCO2 increases from left to right, while XH2O increases from right to 
left. Pressure-axis is inverted from that in A to show clearly exhumation to shallower depths. The 
pink shaded plane represents the Tlc-Srp-Mgs-Chr field and is labeled 
carbonatization/exhumation plane, along which reaction 6 takes place. Modal changes associated 
with Reaction 6, from left to right as written, are indicated. The path and bounding circles, with 
conditions labeled (XCO2, P, T), from 3A are superimposed on the plane. Small black arrow 
shows potential P-T path prior to carbonatization. 
 
Discussion and Tectonic Implications 
Serpentine-absent hydration and serpentinization at Stockbridge, VT occurred with 
decreasing temperature above and below ~675 – 725°C, respectively, which is consistent with 
high temperature serpentinization in a forearc mantle wedge (e.g. Geyra et al., 2008; Evans, 
2010).  Hydration reactions proceeded as H2O was expelled during dehydration of basalt and 
gabbro from the subducting slab and of existing serpentinite in the mantle wedge (e.g. Hacker et 
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al., 2003a; Hirth and Guillot 2013).  This research shows that the serpentine-absent portion of a 
mantle wedge may be composed of >50% volume talc, while serpentinized sections may contain 
~40% volume serpentine and 50 – 60% volume talc.  Furthermore, serpentinization reactions 
above a subducting slab occur isobarically over temperature ranges of only ~15-20°C and cease 
prior to exhumation. 
The carbonatization reaction curve intersects the inferred endpoint of serpentinization, 
~2.0 GPa and ~675°C, and shifts to lower density with increasing XCO2 (Figure 3.3).  This 
suggests that the initiation of exhumation corresponded to the onset of carbonatization and that 
exhumation to lower pressure and temperature was accompanied by carbonatization, not 
serpentinization.  It is therefore reasonable to conclude that CO2 is a key player in serpentinized 
mantle wedges during exhumation of high pressure rocks.  The ~2.0 GPa pressure estimate for 
carbonatization initiation is consistent with the maximization of CO2 and H2O fluxes from the 
top of subducting slabs at ~2.2 GPa (Gorman et al., 2006), and also corresponds with depths of 
maximum seismically along modern day subducting slabs (Hacker et al., 2003b).  Earthquakes 
generated from hydration induced dynamic instability above a slab-mantle wedge interface may 
ultimately trigger exhumation and carbonatization simultaneously.  A potential scenario for 
modern subduction zones is that CO2 is expelled from subducting crust and the mantle wedge 
during earthquakes, and continues to react with ascending serpentinite as CO2 is convected.  
Additional mantle-derived CO2 may also be added to the system as it released during partial 
melting (e.g. Dasgupta and Hirschmann, 2010; Bjerga et al., 2015).  Increases in buoyancy 
during carbonatization contribute to exhumation, as whole-rock density decreases with 
increasing CO2 to lower pressure.  
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This study suggests that exhumation channels are conduits for CO2 entrapment.  In 
addition to volcanic and metamorphic degassing and carbonate dissolution (e.g. Marty and 
Tolstikhin, 1998; James et al., 1999; Burton et al., 2013; Ague and Nicolescu, 2014), CO2 is 
extracted from subduction zones and brought to the surface through exhumation of 
carbonatinized serpentinite from the forearc mantle wedge.  The depths at which exhumation is 
triggered in subduction zones corresponds to the depths of maximum seismicity (e.g. Hacker et 
al., 2003b).  The potential correlation between seismicity, exhumation, and carbonatization offers 
opportunity for investigating paleoseismicity of exhumed subduction zone terranes, as the extent 



















Regional geochemistry and geothermobarometry of exhumed mafic rocks in northern and 




 Exhumed polymetamorphosed mafic rocks are exposed within the Green Mountain and 
Prospect Rock slices of Vermont.  Mafic rocks in the Hazens Notch, Pinney Hollow, 
Ottauquechee, and Stowe Formations south of the Hazens Notch Formation at Tillotson Peak and 
Belvidere Mountain that retain subalkaline MORB to OIB to mixed geochemistry and preserve 
Taconian subduction zone exhumation pathways.  Pseudosection modeling indicates that 
conditions of peak subduction zone metamorphism of these rocks ranged between 0.8 – 1.4 GPa 
and 490 – 560°C and follow pressure-temperature pathways similar to eclogite and blueschist 
from the Tillotson Peak Complex (TPC) and amphibolite from the Belvidere Mountain Complex 
(BMC).  New geothermobarometric estimates for peak metamorphism of eclogite and blueschist 
from the TPC and amphibolite from the BMC are 2.5 GPa and 500 – 510°C and 1.2 – 1.3 GPa 
and 510 - 520°C, respectively.  Eclogite and blueschist from the TPC are fragments of a slab that 
was subducted during Taconian orogenesis. Mafic rocks in the Fayston, Pinney Hollow, 
Ottauquechee, and Stowe Formations farther south, are either exhumed fragments of a Taconian 
slab or metasediments and/or intrusions from a Taconian accretionary prism.  Petrologic data of 
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the mafic rocks fit well into a numerical subduction zone model involving exhumation of high 
pressure rocks in a low viscosity and high temperature channel above a subducting slab. 
Introduction 
 The central and northern Vermont Appalachians are composed of variably deformed and 
metamorphosed terranes that occupy a transitional zone between Laurentian basement to the 
west and Gondwanan basement to the east (Hatcher, 2010; van Staal et al., 2012; Waldron, 
2014).  Prior to accretional Paleozoic orogeny in the northern Appalachians, Laurentia and 
Gondwana were separated by peri-Gondwanan fragments and at least two intervening ocean 
basins, the Iapetus Ocean and the Rheic Ocean (Hatcher, 2010; van Staal et al., 2012; Macdonald 
et al., 2014).  Subduction of Iapetan lithosphere beneath the Moretown terrane influenced the 
coeval opening of the Rheic Ocean, which eventually separated peri-Gondwanan microplates, 
Ganderia and Avalonia (van Staal et al., 2012; Macdonald et al., 2014).  Iapetan crustal remnants 
are preserved as mafic rocks in lithotectonic slices in Vermont that occur between the Moretown 
terrane and the Laurentian shelf (Coish, 1997; Coish, 2010; Coish et al, 2012), with the main 
Iapetan subduction zone suture documented on the western edge of the Moretown terrane 
(Macdonald et al., 2014).  Geochemical and petrological data obtained from the mafic remnants 
are key for determining the magmatic development, subduction dynamics, and the tectonic 
interactions between rifting and subduction of the Iapetus Ocean basin.  
 The purpose of this investigation is to present and explain new geochemical and 
petrological data from greenstones within the Hazens Notch, Fayston, Ottauquechee, and Stowe 
Formations of Vermont (Figure 4.1 and Table 4.1) in the context of a Wilson Cycle involving the 
development and closure of the Iapetus Ocean basin.  The magmatic rifting history of Iapetan 
meta-basalts is inferred from whole-rock geochemistry (e.g. Coish et al., 2012), while the 
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dynamics and conditions of subsequent subduction zone metamorphism are constrained with 
petrological data (e.g. Chapter II).  This study describes the geochemical and petrologic 
evolution of the Iapetus Ocean basin during the Neoproterozoic to Ordovician.  Ultimately, new 
geochemical and petrological information is synthesized in a regional tectonic model involving 
rifting and subduction of the Iapetan Ocean basin. 
Regional Geological Context 
 Laurentian basement is exposed as the Green Mountain and Lincoln Massifs and the 
Chester Dome in central and southern Vermont (Figure 4.1), while Gondwanan basement is 
exposed as the Pelham Dome in northern Massachussetts.  In northern Vermont, the transition 
between these two basement terranes is manifest west to east as a series of north-south striking 
slices (Ratcliffe et al., 2011).  The westernmost slices are composed of a barely metamorphosed 
carbonate-rich passive margin sequence comprised of Lower Cambrian Cheshire quartzite at its 
base and Upper Ordovician shale and phyllite of the Hortonville Formation as its uppermost 
layer.  The marginal sequence is truncated on the east by meta-rift clastics of the Pinnacle and 
Underhill Formations, which are overlain by meta-rift clastics and meta-slope-rise deposits of the 
Green Mountain Slice comprised of the Hazens Notch, Fayston, and Pinney Hollow Formations 
(Thompson and Thompson, 2003). Structurally above and to the east of the Hazens Notch, 
Fayston, and Pinney Hollow Formations are distal meta-oceanic sediments of the Prospect Rock 
Slice comprised of the Ottauquechee, Jay Peak, and Stowe Formations.  Polymetamorphosed 
mafic bodies of various origin and metamorphic grade are ubiquitous throughout the slices east 
of the passive margin sequence (Laird et al., 1984; Coish, 1997; Coish, 2010; Ratcliffe et al., 
2011). Additionally, ultramafic lozenges occur within the accreted terranes east of the Underhill 
Formation.  The easternmost rocks in northern Vermont occupying the region between 
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Laurentian and Gondwanan basement are arc-related rocks of the Missisquoi Formation (i.e. 
Barnard Gneiss) and the Moretown Formation (Ratcliffe et al., 2011).  The Barnard Gneiss is 
associated with magmatism in the Shelburne Falls arc (Karabinos et al., 1998), while the 
Moretown terrane may have been affected by magmatism produced in both the Shelburne Falls 
arc and Bronson Hill arc (Macdonald et al., 2014).  Ultramafic rocks are absent from the arc 
terranes, but mafic bodies occur locally within the Moretown terrane (Ratcliffe et al., 2011).   
 
 
Figure 4.1.  Generalized geological map of northern and central Vermont. The Silurian-
Devonian section east of the Moretown terrane is not included in the map explanation. Locations 
of samples discussed in this Chapter are identified with the symbology that is used throughout 
the text. Map adapted from Ratcliffe et al., 2011. 
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 Geochemical and Petrologic Overview  
 
Metamorphosed rift-related basalts are exposed throughout rift clastics, slope-rise 
deposits, and distal oceanic sediments in northern Vermont (Coish, 1997; Coish, 2010).  
Greenstones in the Pinnacle and Underhill Formations are enriched in Ti and light rare-earth 
elements (LREE) relative to mid-ocean ridge basalts (MORB); and erupted ~554 Ma on the east 
side of Laurentia in the basin of the Taconic Seaway (Kumarapeli et al., 1989; Macdonald et al., 
2014).  Greenstones farther east in the Hazens Notch, Pinney Hollow, and Ottauquechee 
Formations are more depleted in Ti and LREE relative to MORB; and are thought to have 
erupted ~571 Ma in the main Iapetus rift system (e.g. Coish et al., 1991; Coish, 1997; Walsh and 
Aleinikoff, 1999; Kim et al., 2003; Coish, 2010).  The Stowe Formation preserves varied 
geochemical signals ranging from MORB to ocean island basalt (OIB), suggesting that 
emplacement of the meta-basalt occurred during the rift-drift transition (Coish et al., 2012).   
Amphibolite of the Hazens Notch Formation at Belvidere Mountain retains ocean floor major 
and minor element concentrations, while blueschist and eclogite at Tillotson Peak displays REE 
signatures similar to MORB (Doolan et al., 1982; Laird et al., 2007).  Meta-diabase of The 
Mount Norris Intrusive Suite near the Vermont-Quebec border was derived from Ordovician 
backarc magmas that intruded northern portions of the Stowe, Moretown, and the Cram Hill 
Formations (Kim et al., 2003).  The Cram Hill Formation is composed of black phyllite and 
quartzite that crops out adjacent to the north and east of the Moretown Formation (Kim et al., 
2003). 
Taconian subduction zone metamorphism of Iapetan meta-basalts and amphibolite is 
preserved within the rifted section (Laird et al., 1984; Laird et al., 1993).  Eclogite at Tillotson 
Peak in northern Vermont preserves high pressure conditions and provides direct evidence for 
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subduction zone metamorphism, while barroisite-bearing amphibolite to the south at Belvidere 
Mountain was metamorphosed at medium-high pressure subduction zone conditions (Laird and 
Albee, 1981a; Laird et al., 1984).  Medium-high pressure subduction-related barroisite (and 
winchite) also occurs locally south of Belvidere Mountain in mafic rocks within the Hazens 
Notch, Pinney Hollow, and Stowe Formations (Laird et al., 1984).  Additionally, medium 
pressure is preserved in greenstones throughout the accreted sequence and in amphibolite 
exposed in the Worcester Mountains (Stowe Formation) (Laird et al., 1984).  Acadian 
greenschist facies metamorphism overprints the higher pressure Taconian subduction zone 
metamorphism.   
The relative conditions of metamorphism are inferred for mafic rocks throughout the 
accreted rift-sequence from modal space analyses of mafic rocks involving variations in 
amphibole compositions (Laird and Albee, 1981b; Laird et al., 1984; Thompson and Laird, 
2005). These studies showed that AlVIAlIVMg-1Si-1 (TK) and NaM4SiCa-1AlIV-1 (PL) substitution 
increase in amphibole with increasing temperature and pressure, respectively   These 
relationships between amphibole compositions and metamorphic grade are further supported by 
thermodynamically-based geothermobarometry of mafic rocks in Stockbridge, Vermont (Chapter 
1).  In Chapter I, phase equilibria computer modeling of greenstones from the Ottauquechee 
Formation in Stockbridge showed that barroisite and winchite were metamorphosed at ~38 Km, 
~1.4 GPa and ~520°C, and tschermakite in amphibolite was metamorphosed at ~22 Km, ~0.8 
GPa and ~550°C.  The study herein utilizes computer-based thermodynamic datasets to calculate 
conditions of polymetamorphism for various mafic rocks within the Hazens Notch, Fayston, 
Pinney Hollow, Ottauquechee, and Stowe Formations that crop out in in the vicinity of the 
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ultramafic belt in Vermont.  The results presented in this chapter contribute to development of a 
regional petrologically-based tectonic model involving northern Appalachian orogenesis. 
Methods 
Petrographic Techniques 
Thirteen mafic samples were made into 30 μm thick thin sections using Hillquist 
equipment in the rock preparation facilities at University of New Hampshire.  The samples were 
collected from the following formations in central to northern Vermont: Hazens Notch (D – F); 
Fayston (C); Pinney Hollow (G - I); Ottauquechee (A, B, L, M); Stowe (J, K) (Figure 4.1 and 
Table 4.1).  The main goals in petrographic analyses were to identify mineral equilibria and to 
describe the compositional zoning (if any) of amphibole grains. Petrographic data from the 13 
samples were utilized subsequently in geothermobarometric modeling.  Samples that contain 
amphiboles zoned compositionally were sent to Mineral Optics Laboratory in Wilder, Vermont 
and made into thin sections polished for electron microprobe analyses.   
Geochemical Procedures 
Whole-rock major element analyses of 9 samples analyzed petrographically were carried-
out at Middlebury College.  Two samples each from the Hazens Notch, Pinney Hollow, and 
Stowe Formations and 3 samples from the Ottauquechee Formation were analyzed for SiO2, 
Al2O3, TiO2, Fe2O3 (total), MgO, MnO, CaO, Na2O, K2O, and P2O5 with a Thermo Jarrell Ash 
IRIS 100 Inductively Coupled Argon Plasma Mass Spectrometer.  Samples were cut into strips 
with a diamond blade saw, crushed, and then loaded in an aluminum sample holder and 
powdered in a shatterbox for ~5 minutes.  About 1.0 gram of the powdered sample was 
subsequently heated to 1000°C in a furnace and loss-on-ignition was measured.  Ignited powders 
were fused in carbon crucibles with lithium metaborate flux between 1020 – 1100°C, and the 
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homogenized bead was dissolved in 100 ml of 5% nitric acid following procedures of Coish and 
Sinton (1992).  The resultant solution was analyzed in the ICAP-MS.  Radial plasma 
configurations and 15 second element counts were executed.  Three weight percent 
measurements were acquired per sample and averaged against an internal germanium standard 
subsequent to a 90 second sample flush.  BCR-2 standards were analyzed each day for 4 days of 
analyses (Appendix A). 
The 9 samples analyzed in this study for whole-rock major elements and 3 additional 
mafic samples (Ottauquechee Formation) analyzed for whole-rock major elements in Chapter I 
were analyzed for whole-rock minor element and rare-earth element geochemistry at the 
University of New Hampshire.  The sample powders prepared in the shatterbox at Middlebury 
College were utilized in minor and REE analyses.  Between ~0.5 – 1.0 grams of each dry sample 
powder was washed initially in ~5 ml of 3% nitric acid and digested in ~5 ml of 2% hydrofluoric 
acid at ~120°C for ~48 hours.  The solution was then evaporated completely at ~130°C.  In order 
to break down salts formed during digestion and to liberate ferric iron into solution, ~10 ml of 
6N (6 molar) hydrochloric acid was added and the beaker was heated again to ~120°C.  Beakers 
were sonicated 6 to 8 times in 1 hour intervals and stored at ~120°C between cycles.  To ensure 
that all sample was in solution, an additional ~5ml of HCl was added to each beaker and 
evaporated and another ~5 ml 6N HCl was added.  Next, 100µl of each solution was evaporated 
at ~110°C and 5 drops of 3% nitric acid were added.  Nitric solution was evaporated at ~110°C 
and 5 more drops of 3% nitric acid were added.  Nitric solution was evaporated again at ~110°C.  
Following evaporation, 1 ml of 2% nitric acid was added to each beaker.  Dissolution procedures 




One hundred µl of each sample solution was added to a mixture containing 10 ml of 2% 
nitric acid and 1.5 ppb spikes of Be, In, and Tl.  This was the final sample solution.  Be, In, and 
Tl were used as spiking agents because, for the samples of interest, they were considered to be 
extremely low concentrations and can be utilized for internal analytical corrections.  A monitor 
solution consisting of a mixture of ~2 ml of each sample solution was also prepared in order to 
monitor instrument drift during analyses.  The final sample solutions were analyzed using an 
ATTOM Laser Ablation Inductively Coupled Plasma Mass Spectrometer made by Nu 
Instruments.  For minor element analyses, 2.5 minute scan times were carried out for each 
sample and ~1 minute rinses with 2% nitric acid were performed between analyses.  The monitor 
solution was analyzed after every 2 samples.  Internal precision of the instrument corresponded 
to less than 0.5% error in Tl concentrations and JA-1, JR-1, and JB-2 were analyzed as known 
unknowns (Appendix A). 
Electron Microprobe Analyses 
Core and rim analyses of ~12 – 15 compositionally zoned amphibole grains per sample 
are discussed for samples B, C, E, G, H, and L (Table 4.1).  SiO2 (enstatite), Al2O3 (cpx), MgO 
(opx), FeOtotal (opx), MnO (rhodochrosite), TiO2 (rutile), Cr2O3 (uvarovite), CaO (cpx), Na2O 
(albite) and K2O (orthoclase) concentrations were analyzed with a JEOL-JXA-8200 Superprobe 
at Massachusetts Institute of Technology (standards indicated).  A point beam 10 µm in diameter 
was accelerated at 15 kilovolts with a current of 1.107 x 10-8 angstroms onto the solid surface of 
a polished thin section with a carbon coat.  A 10µm beam was utilized to avoid volatilization of 
hydroxide, K, and Na.  Forty second measurement counts and 20 second background counts 
were carried out for all elements except Na, for which 20 second measurement counts and 10 
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second background counts were made.  Shorter count times were employed for Na to prevent 
mobilization.  
Amphibole formulas were calculated based on a cation normalization that assumes Fe2+ 
and Mg do not occupy the M4-site and, therefore, Na is distributed by filling the M4-site and 
placing the remainder into the A-site.  The sum of the cations in this normalization is assumed to 
be 13, with the normalization factor calculated as the atomic sum of the cations minus atomic 
Na, K, and Ca.  Amphibole nomenclature follows that of Hawthorne et al. (2012) and ferric iron 
was calculated using cation charge balance.  Kakanui hornblende was analyzed and utilized as a 
known unknown to evaluate accuracy in electron microprobe data (Appendix A).  The standard 
deviation of weight percent oxide data ranges from 0.1 for MgO to 0.26 for SiO2 across 6 
Kakanui hornblende analyses (Appendix A). 
Geothermobarometry 
The computer program, Perple_X (Connolly, 2005), was utilized to calculate phase 
equilibria of six mafic samples across temperature-pressure spaces.  Three bulk compositions 
from the Hazens Notch Formation, 1 from the Pinney Hollow Formation, and 2 from the 
Ottauquechee Formation were analyzed geothermobarometrically.  The thermodynamic database 
of Holland and Powell (1998) that includes seismic properties from Connolly and Kerrick (2002) 
and Connolly (2005) and modifications by Klemme et al. (2009) was employed.  Free energy 
calculations were in the K2O, CaO, Na2O, MgO, FeO, MnO, Al2O3, SiO2, H2O, TiO2 system, 
with SiO2 and H2O treated as saturated components.  The equations of state for H2O are from the 
CORK database (Holland and Powell, 1991 and 1998).  Amphibole (Holland and Powell, 1998; 
Wei et al., 2003; White et al., 2003; Connolly, 2005), chlorite (Holland et al., 1998), plagioclase 
(Newton et al., 1981), and biotite (Tinkham et al. 2001; Tajcmanova et al., 2009) solution 
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models were utilized and the amphibole solution model chosen allows for mixing of the major 
cations on the A, M1, M2, M4, and T1 sites.  Petrographic observations were carried-out to 
determine what minerals were applicable to thermodynamic calculations.  
Whole-rock geochemistry, mineral assemblages, and amphibole compositional isopleths 
were integrated in Perple_X to derive estimates of pressures and temperatures of metamorphism. 
Pseudosections defined by pressure and temperature were calculated for each sample of interest 
and Na and Al amphibole compositional isopleths were superimposed.  Natotal and AlVI isopleths 
were chosen in an attempt to represent the relative proportions of PL and TK substitutions, which 
are sensitive to changes in metamorphic grade (e.g. Thompson and Laird, 2005).  Each 
pseudosection was calculated between 200 – 800°C and 0.05 – 2.0 GPa, except for the TPC 
pseudosection, for which pressure was extended to 3.0 GPa.  Polymetamorphic pathways are 
inferred based on where analyzed amphibole values coincide with both the calculated isopleths 
and the appropriate phase stability fields.  Amphibole compositions from Tillotson Peak that are 
utilized in geothermobarometry are from samples VLB116 and ABM100, while compositions 
from Belvidere Mountain are from sample VLB231C (Laird et al., 1993). 
Field Relationships 
 Figure 4.1 shows the location of mafic samples A – M that were collected and analyzed 
in this research for either whole-rock geochemistry, amphibole chemistry, or both.  In Table 4.1, 
samples are organized from north to south with respect to formation names and the type(s) of 
chemical analysis(es) performed.  Field relationships, mineralogy, and amphibole chemistry for 
samples 2, 3, and 6 were presented and discussed in Chapter I, while only whole-rock 
geochemistry of those samples is investigated in this chapter. 
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 Samples A and B are fine-grained, pale green schistose greenstones collected from the 
Ottauquechee Formation on Bowen Mountain.  The encompassing greenstone body sits above 
the Prospect Rock Thrust between two normal faults, with talc-rich ultramafics lining the eastern 
normal fault and exposed in a few areas on the southern side of the greenstone body (Thompson 
and Thompson, 2003).  Sample C is a fine- to medium-grained pale green foliated greenstone 
that is speckled with euhedral magnetite porphyroblasts ~1 mm across and is a member of the 
Fayston Formation.  The hooked-shaped greenstone body sits beneath the Prospect Rock Thrust 
and is adjacent to the east of the Johnson Talc mine (Thompson and Thompson, 2003).  Samples 
D – F are silvery-dark green-grey to dark green-grey, medium-grained quartz-rich greenstones 
with magnetite porphyroblasts up to ~1.0 mm across and carbonate observed locally.  These 
samples were collected on Kew Hill in Waitsfield, VT from a body of Hazens Notch greenstone 
that is in contact with albitic schist of the Fayston Formation along its southern and eastern 
boundaries and is not in the vicinity of ultramafics (Haydock and Walsh, 1996).  
 Samples G – I are fine to medium grained, dark green-grey to silvery green schistose 
greenstones with thinly interlayered quartz veins and were collected from a mafic body east of 
the Lincoln Massif within the Pinney Hollow Formation.  The body is exposed in Allbee Brook 
in Lower Granville, VT, which is adjacent to the south of ultramafics in the Pinney Hollow 
Formation (Ratcliffe et al., 2011) and of barroisite-bearing greenstone at Granville Notch (Laird 
et al., 1984).  Samples J and K are fine to medium-grained, dark-grey green greenstones with 
thinly interlayered quartz-carbonate veins that were collected from the Stowe Formation on 
Bethel Mountain Road in Rochester, VT.  The greenstone body occurs along a fault that bounds 
an ultramafic body, which separates the Stowe Formation on the east from the Ottauquechee 
Formation on the west (Walsh and Falta, 2001).  Samples L and M are fine- to medium-grained, 
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green-grey foliated greenstones collected from two different bodies in the Ottauquechee 
Formation east of Rt. 100 in Stockbridge, VT.  Both bodies occur within ~100 meters of each 
other and on the west side of an Acadian thrust fault separating the Stowe Formation to the east.  
The body that contained Sample L is surrounded by feldspathic gneiss, while the body 
containing sample M is in contact with muscovite schist to its east (Walsh and Falta, 2001).  
Ultramafics in Stockbridge described in Chapters II and III occur a few hundred meters to the 
southwest. 
Table 4.1. List of samples collected and analyzed in this research, with the formation, the 
type(s) of chemical analysis(es) performed, and the alteration index defined (see text) for each 
sample. Samples 2, 3, and 6 were also discussed in Chapter I.  Locations 27 and 30 of Laird et al. 
(1984) coincide with the locations of samples D – F and G – I, respectively. WRG = whole-rock 




Due to fine grain sizes of greenstones, petrographic analyses are required to decipher 
precise mineralogical relationships.  Photomicrographs of samples A – M are shown on Plate 
4.1, while mineral assemblages and estimated modes for samples are listed in Table 4.2. 
Samples from Bowen Mountain (Plates 4.1A and 4.1B) are composed predominantly of 
amphibole and epidote, with very little to no chlorite (Table 4.2, Plate 4.1A and 4.1B).  
Sample  Formation Analysis A.I. Sample  Formation A.I. Analysis 





B  Ottauquechee EMP  J  Stowe 34.9 WRG 
C Fayston EMP  K  Stowe 23.2 WRG 
D  Hazens Notch WRG 36.3 L  Ottauquechee 25.6 Both 
E  Hazens Notch EMP  M Ottauquechee 42.6 WRG 
F  Hazens Notch WRG 33.4 2  Ottauquechee 41.7 Both 
G  Pinney 
Hollow 
EMP  3 Ottauquechee 37.8 Both 
H Pinney 
Hollow 
Both 31.7 6 Ottauquechee  51.0 Both 
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Amphiboles in sample B are compositionally zoned with dark grey-green cores and very pale 
grey-green rims in plane-polarized light (PPL) (Plate 4.1B), while amphibole in sample A is too 
fine-grained to observe compositional zonation (Plate 4.1A).  Amphibole in sample C (Fayston 
Formation) is concentrated within epidote knots (Plate 4.1C) and epidote-quartz layers that are 
intercalated with thin titanite layers along the dominant fabric.  Epidote and quartz are the major 
phases in samples from Kew Hill (Plates 4.1D – 4.1F), while amphibole is either absent (Plate 
4.1F) or present in minor and trace amounts (Plates 4.1D and 4.1E).  Although, amphibole that is 
present in sample E is compositionally zoned from dark blue cores to light blue rims in PPL 
(Plate 4.1E).   
Samples from Allbee Brook (G – I) all contain amphiboles that display compositional 
zoning, with coarser-grained amphiboles in samples G and H than in sample I (Plates 4.1G – 
4.1I).  Samples J and K are both composed of epidote-amphibole matrices that are interlayered 
with quartz and carbonate and host albite porphyroblasts locally (Plates 4.1J – 4.1K).  Thin 
layers composed of very fine-grained carbonate, epidote, and titanite that are dark brown in PPL 
are common in sample J (Plate 4.1J). Amphiboles in both sample J and I are too fine-grained to 
distinguish compositional zoning (Plate 4.1J and 4.1K).  In sample L, a medium-grained epidote-
rich fabric is interlayered with fine-grained amphibole and chlorite.  Although the amphiboles 
are rather fine-grained, compositional zoning is observed locally from blue-green cores to light 
blue-green rims (Plate 4.1L).  Sample M lacks a well-defined fabric, is rich in chlorite, quartz, 




























Plate 4.1.  Photomicrographs of 
samples A – M, with the letter on each 
photograph corresponding to the sample 
number. Mineral abbreviations are consistent 
with Whitney and Evans (2010). 
 
Table 4.2. Mineral assemblages and estimated modes (%) of samples.  Trace indicates 
that only a few grains of the particular mineral are observed across the thin section. Mineral 
abbreviations consistent with Whitney and Evans (2010). 
Sample Amp Ep Chl Qz Ab Ttn Bio Mag Rt Cb Ms Ilm 
A 40 40 <5 5 <5 10      trace 
B 60 30  5  5       
C 15 40 5 – 10  10 5 15 trace 5     
D  trace 40 35 15  <5 <5 5 trace    
E  5 20 10 35 5 <5 5 10 <5   <5 
F  35 10 25  5 10 10   <5 <5  
G  40 10 5 - 10 35 5 <5       
H 35 5 - 10 5 - 10 40 5 5    trace   
I 5 - 10 40 30 10 <5 <5 <5      
J 35 40 <5 10 5 <5 trace   5   
K 20 45 10 5 5 5 trace   10   
L  15 50 15 - 20 5 5 5 <5 trace  trace   
M  5 40 25 20 5  trace  5   
 
Whole-Rock Geochemistry 
Purpose, Approach, and Considerations 
In addition to samples 2, 3, and 6 from Chapter I, samples A, D, F, and H - M were 
analyzed for major and trace element concentrations (Figures 4.2 – 4.5).  These analyses provide 
insight into the protolith(s) of the greenstones and the original tectonic environment(s) in which 
they formed and, as well, are utilized in pseudosection calculations.  Tectonic discriminatory 
analyses coupled with rare-earth element investigations have been useful for interpreting 
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tectonomagmatic histories of polymetamorphosed greenstones in Vermont (e.g. Coish et al., 
1986; Coish, 1997; Kim et al., 2003; Coish, 2010; Coish et al., 2012).  An overarching purpose 
of the geochemical investigation herein is to fit the geochemical data of the polymetamorphosed 
mafic rocks of interest into the existing tectonomagmatic frameworks for mafic rocks in 
Vermont (e.g. Coish, 2010; Coish et al., 2012). 
Because the mafic rocks discussed herein are polymetamorphosed, the effect of 
metamorphism on element mobilization must be considered (e.g. Grauch, 1989).  Major element 
mobility can be assessed using an alteration index calculated as 100((MgO + K2O)/(MgO + K2O 
+ CaO + Na2O)), with 36 ± 8 wt% reflecting unaltered rock (Hashiguchi et al., 1983) or fresh 
mid-ocean ridge basalt (Lafléche et al.,1993).  This index has been considered in previous 
studies of meta-basalts in the Appalachians to assess how closely analyzed values reflect original 
whole-rock compositions (Lafléche et al., 1993; Coish et al., 2012).  The alteration indices of 
samples A, D, F, H, I, J, M, 2, and 3 in this study are all within the range for unaltered meta-
basalt, while indices of samples K and L are both below 28 and the index of sample 6 is above 
44 (Table 4.1).   
Tectonomagmatic interpretations herein come only from statistically-based linear 
discrimination plots (i.e. log-ratio plots) with the best proven accuracy (Vermeesch, 2006).  
Two-dimensional log-ratio plots are derived from linear transformations that overcome the 
constant-sum constraints associated with traditional ternary tectonic discrimination diagrams 
(e.g. Pearce and Cann, 1973), with log-ratio plots involving Ti, V, Sm, and Sc proven to be 
~95% accurate (Vermeesch, 2006).  Linear correlations of TiO2, V, Sm, Sc, Y, Nb with Zr, an 
immobile high field strength element, indicate chemical immobility of these elements during 
metamorphism (Floyd and Winchester, 1978) (Figure 4.2).  The elements assessed for mobility 
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are utilized in the different geochemical diagrams presented and discussed in this study (Figures 
4.3 and 4.4).  TiO2, Y, Nb, V, and Sm show strong to moderately-strong positive linear 
correlations with Zr, while Sc exhibits weak to no positive linear correlation (Figure 4.2).  This 
type of correlative assessment was also applied to greenstones in Vermont by Kim et al. (2003) 
and Coish et al. (2012).  Zr plots in Figure 4.2 are discussed in more detail in the “Geochemical 
data” section.   
REE distributions are analyzed in the context of an Indian Ridge MORB dataset (Sun et 
al., 2008) and worldwide ocean island basalt (OIB) datasets (Janney et al., 2005; Hanyu et al., 
2011; Kawabata et al., 2011) (Figure 4.5), opposed to average MORB and OIB values, to 
account for potential large variability in REE concentrations within a respective tectonic 
environment.  Assessments of REE spider diagrams further refine tectonomagmatic 





Figure 4.2. Zr plots with Zr (ppm) on the X-axis and TiO2 (wt%), Nb (ppm), Y (ppm), V 
(ppm), Sm (ppm), and Sc (ppm) on the Y-axes. Symbols consistent with Figure 4.1, and data are 
tabulated in Tables 4.3 – 4.5. 
   
Geochemical Data 
Tables 4.3 and 4.4 show, respectively, major and trace element (excluding REE) data for 
the mafic samples analyzed in this study.  Major and trace element compositions of all samples 
are consistent with crystallization from a tholeiitic magma, with some scatter between and within 
formations along the tholeiitic trend (Figure 4.3A), between the high-Fe and high-Mg tholeiite 
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fields (Figure 4.3B), and across the subalkaline basalt field (Figure 4.3C).  The sample from the 
Ottauquechee Formation (sample L) that plots in the basalt field on Figure 4.3B has an alteration 
index 25.6 and, therefore, that data point may not be reflecting an original igneous composition.  
All the other data retain consistent signals in Figure 4.3.   
Hazens Notch greenstones are the most enriched in FeO, TiO2, Zr, Nb, and Sm, while 
samples from the Ottauquechee Formation in Stockbridge are the most enriched in V and Sc and 
the most depleted in alkalis (Figures 4.2 and 4.3).  One sample from the Pinney Hollow 
Formation (sample I) retains comparable immobile element concentrations to the Hazens Notch 
Formation and one Pinney Hollow sample (sample H) is more similar to the Ottauquechee and 
Stowe Formations (Figures 4.2 and 4.3).  Hazens Notch greenstones and the enriched Pinney 
Hollow sample (sample I) are distinct from all the other samples in the suite on every Zr plot 
(Figure 4.2) and are the only three samples that plot entirely within the high-Fe tholeiite field 
(Figure 4.3B). 
The majority of samples fall into the MORB field on the log-ratio plots consisting of 
MORB, OIB, and island-arc basalt (IAB) fields, (Figure 4.4).  On the log(50*V/Ti) vs 
log(2500*Sm/Ti) plot, the most Fe-rich Hazens Notch sample (F) plots entirely in the OIB field 
(Figure 4.4A).  On the log(300*Y/Ti) vs. log(100*Zr/Ti) plot, however, sample F plots in the 
IAB field along with the other Hazens Notch sample (D) and the more Ti-rich Pinney Hollow 
sample (I) (Figure 4.4B).  All samples plot in the MORB field on the log(250*Sc/Ti) vs. 
log(50*V/Ti), with samples F, D, and I falling closest to the OIB field (Figure 4.4C).  For 
comparison with log-ratio plots, the data are plotted on the classic V vs. Ti/1000 discrimination 
diagram of which the boundaries between environments are drawn by eye (Figure 4.4D).  In this 
diagram, Sample F plots on the boundary between the MORB, back-arc basin basalt (BABB), 
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continental flood basalt (CFB) field and the OIB field, while the other samples are scattered 
across the MORB, BABB, CFB field and the island-arc tholeiite field (IAT).  Ultimately, 
samples form the Hazens Notch Formation (D and F) and the Ti-rich Pinney Hollow sample (I) 
are the most enriched in Ti and, therefore, plot towards the edges of MORB fields or fall 
completely into OIB and IAB fields on the tectonic discrimination diagrams (Figure 4.4). 
Table 4.5 shows REE concentrations for all mafic samples analyzed.  REE data is 
organized by location and plotted from La to Lu on chondrite-normalized spider diagrams in 
Figure 4.5.  Samples from the Stowe and Ottauquechee Formations all display relatively flat 
REE patterns from La to Lu, with LREE concentrations consistent with Indian Ridge MORB 
(IRMORB).  Heavy rare-earth element (HREE) patterns for samples J, K, L, M, 2, 3, and 6 also 
follow that of IRMORB; however, HREE concentrations of sample A resemble OIB.  Hazens 
Notch samples are enriched in LREE with respect to HREE and are overall more enriched in 
REE than all the other samples.  Pinney Hollow sample H retains higher LREE concentrations 
compared to Pinney Hollow sample I and preserves a similar pattern to OIB.   
The REE plots for all the samples analyzed are compiled on Figure 4.6, with REE 
distributions from the Tillotson Peak Complex (TPC) and Belvidere Mountain Complex (BMC) 
(Laird et al., 2001) superimposed for comparison.  REE data from both the TPC and BMC are 
consistent with IRMORB, with data from the TPC being less scattered than those from the BMC.  
Stowe samples, Ottauquechee samples L, 2, 3, and 6, and Pinney Hollow sample H retain 
signatures that resemble closely those of the TPC and BMC.  Samples A and M (Ottauquechee) 
reflect more depleted LREE signatures compared to both the TPC and BMC.  The Hazens Notch 
samples and Pinney Hollow sample I are distinctively enriched in LREE compared to the rest of 
the samples plotted on Figure 4.6.  
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Table 4.3. Major element data as weight percent oxide. Sample numbers in far left 





MnO MgO CaO Na2O K2O P2O5 
A 49.73 
 
1.46 14.78 11.29 0.19 7.29 12.19 2.94 0.01 0.12 
D 48.33 
 
2.33 16.59 14.18 0.20 6.31 8.98 2.56 0.27 0.27 
F 46.31 
 
3.43 15.28 17.65 0.23 4.21 8.72 2.56 1.44 0.16 
H 50.25 
 
2.01 14.56 12.60 0.18 6.40 9.60 4.21 0.01 0.18 
I 50.36 
 
0.72 15.6 10.48 0.15 8.69 11.09 2.73 0.10 0.08 
J 50.48 
 
1.09 15.12 11.77 0.15 7.37 10.90 2.94 0.04 0.13 
K 48.11 
 
1.08 14.04 10.71 0.16 5.93 16.87 2.93 0.06 0.10 
L 47.68 
 
0.94 16.43 9.62 0.14 6.21 16.37 2.25 0.21 0.15 
M 48.98 
 
0.75 15.65 11.51 0.17 9.72 11.47 1.65 0.03 0.06 
2 43.76 
 
1.45 15.43 14.29 0.26 10.17 13.5 0.85 0.11 0.18 
3 48.85 
 
1.01 15.55 12.78 0.20 7.79 11.54 1.83 0.34 0.11 







































































































































































































































































































































































































































































































































































































































   
   
























































































































































































































































































































































































































































































































































































































































































































































Figure 4.3. Sample analyses 
shown on: A) FeO-(Na2O+K2O)-MgO 
(wt %) diagram (after Wright, 1974). B) 
(FeO+Fe2O3+TiO2)-Al2O3-MgO (cation 
%) diagram (after Jensen, 1976). C) 
Zr/TiO2 vs. Nb/Y (ppm) (after Floyd 
and Winchester, 1978). Symbology 
same as in Figure 4.1. 
                  












    
   
   
 
























































































































































             
 
Figure 4.5. REE spider diagrams normalized to chondrite (Sun and McDonough, 1989). 
For comparison, data ranges for OIB and Indian Ridge MORB are superimposed. Sources of 




                                                                                                               
                    
Figure 4.6. Compiled REE data for mafic rocks in this study, with BMC and TPC data 
ranges superimposed on the spider diagram. BMC = Belvidere Mountain Complex (yellow 
region); TPC=Tillotson Peak Complex (grey region). Source of BMC and TPC data is mentioned 
in text. Sample locations (top) and keys are also included for reference.  
 
Amphibole Chemistry 
 Amphibole compositions for samples collected from the Hazens Notch (E), the Fayston 
(C), the Pinney Hollow (G and H), and the Ottauquechee (B and L) Formations range from 
barroisite and winchite to tschermakite, magnesio-hornblende, and actinolite (Figure 4.7).  
Barroisite and winchite are preserved as amphibole cores in samples E and G, and winchite also 
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occurs in sample L.  Magnesio-hornblende is preserved in every sample, while actinolite occurs 
as rims in all samples except sample E (Hazens Notch).  The majority of the compositional data 
for all formations fall into the magnesio-hornblende field (Figure 4.7). 
 The majority of amphiboles analyzed chemically are zoned core to rim, with the cores 
retaining higher TK and PL values than rims (Figure 4.7).  More rarely, grains are not zoned or 
the compositional zoning is patchy and it is challenging to distinguish cores from rims.  
Amphiboles from the Hazens Notch and Pinney Hollow Formations are most enriched in TK and 
PL compared to the rest of the sample suite, although, sample L from the Ottauquechee also 
contains comparable compositions locally.  TK values in the Hazens Notch Formation are 
primarily greater overall than those for the Pinney Hollow Formation, which are clustered 
together at lower values with amphiboles in Ottauquechee sample L.  Amphibole in sample C 
(Fayston Fm.) is more enriched in PL at the same TK as the Pinney Hollow and Ottauquechee 
samples (Figure 4.7).  The sample from Bowen Mountain (B) contains amphiboles that preserve 
chemically distinct magnesio-hornblende cores, as they are more depleted in PL compared to all 
the other samples analyzed. Actinolite is associated with the lowest PL and TK values and 
commonly comprises the rims of amphibole grains (Figure 4.7).   
Pressure envelopes presented by Laird et al., 1984 describe the compositional variation of 
amphibole in Vermont with respect to pressure facies series, with barroisite, winchite, and PL-
enriched magnesio-hornblende corresponding to medium-high and high pressure facies series 
metamorphism.  Tillotson Pak glaucophane (2TK + 2PL) represents the high-pressure 
compositional end-member.  In that framework, the Hazens Notch, Fayston, and Ottauquechee 
Formations all preserve medium-high to medium pressure facies series metamorphism in 
amphibole cores, while actinolite rims and all compositional data from sample B are consistent 
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with low pressure facies series metamorphism (Figure 4.7).  Despite consistently low PL values, 
ED (NaAAl□-1Si-1) substitution values in amphibole from sample B decrease from core to rim 
with the highest ED values of all samples analyzed retained in the magnesio-hornblende cores 
(Figure 4.8).  ED values are very low for amphibole in sample C and display very minor to no 
variation from core to rim.  ED is also generally low in sample E, although increases in ED are 
observed at the highest PL values.  Samples G, H, I, and L are very scattered with respect to ED 
values and no direct relationship is observed between increased PL and increased ED. 
Figure 4.9 shows Natotal vs. AlVI compositions of amphiboles from sample B, E, and H, as 
these particular data were the utilized in geothermobarometry.  All three datasets display 
relatively linear trends with concomitant increases in Natotal and AlVI from core to rim, although 
cores and rims for sample H are not clearly distinguished in grains of intermediate compositions 
(Figure 4.9).  Natotal and AlVI core values for sample H tend to be, respectively, between ~0.5 ~ 
0.8 and ~0.6 ~ 1.0 apfu, with the remaining data from this sample at lower values.  Both core and 
rim values for sample E tend to plot above ~0.3 Natotal and ~0.4 AlVI, which corresponds to 
higher rim values overall than for samples B and H. Although Natotal and AlVI core values from 
sample B do not extend to the highest values overall, they do overlap core values from both 




Figure 4.7. PL vs. TK in amphibole from samples analyzed with an electron microprobe. 
Pressure envelopes from Laird et al., 1984 and nomenclature from Hawthorne et al. (2012). 




        
Figure 4.8. ED vs. PL in amphibole from samples analyzed with an electron microprobe. 





Figure 4.9. Natotal vs. AlVI in samples B, E, and H. Black lines are 1:1 reference lines. 
Symbols as in Figure 4.1.  
 
Geothermobarometry 
 Figures 4.10A – 4.10C show pseudosections calculated from 200 – 800°C and 0.05 – 2.0 
GPa using the bulk compositions of samples A (Figure 4.10A), H (Figure 4.10B), and D (Figure 
4.10C).  Calculated Natotal and AlVI isopleths for each bulk composition are compared to the 
analyzed amphibole compositions for the particular mafic body.  Amphibole compositions from 
sample B, sample E, and sample H are utilized to construct P-T paths in Figure 4.10A – 4.10C, 
respectively.  Sample B was collected from the same mafic body as sample A and sample E from 
the same body as sample D, while both bulk chemistry and amphibole compositions come from 
sample H. 
 Metamorphism of magnesio-hornblende cores in sample B occurred between ~0.9 – 0.8 
GPa and 500 – 490°C (Figure 4.10A).  The coinciding stable assemblage consisted of mhb-zo-
chl-ttn-ab±qz, which eventually broke down at lower pressures and temperatures during the 
growth of actinolite rims below ~0.5 GPa and ~400°C (Figure 4.10A).  Barroisite and winchite 
cores in sample E formed at ~450°C and  1.2 – 1.1 GPa as the assemblage chl-brs/win-bio-zo-ab-
qz stabilized, while the growth of barroisite and winchite in sample H occurred between 510 – 
500°C and 1.4 – 1.3 GPa with the assemblage chl-brs/win-zo-ttn-ab-qz (Figures 4.10B and 
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4.10C).  The presence of trace rutile in sample E, however, suggests that peak metamorphic 
temperatures of the whole-rock reached at least ~500°C, below which rutile is not stable for the 
bulk composition of sample E.  Magnesio-hornblende in sample H may have been stable with 
barroisite or winchite in the two-amphibole stability field, chl-amp-amp-zo-ttn-ab (Figure 
4.10B).  The green arrow on Figure 4.10B shows a potential path through the two-amphibole 
stability field.  Actinolite rims in sample H formed at or below ~390°C and ~0.5 GPa (Figure 
4.10B), while magnesio-hornblende rims in sample E were metamorphosed between ~440 – 
400°C and 1.1 – 0.9 GPa (Figure 4.10C).   
 Figures 4.11A and 4.11B shows the pseudosections calculated using bulk compositional 
data presented by Laird et al., 2001 for mafic rocks at Tillotson Peak (Figure 4.11A) and 
Belvidere Mountain (Figure 4.11B).  NaM4 and AlVI isopleths for Tillotson Peak are consistent 
with metamorphism of gl-omp-gt-mu-rt-qz at ~ 510 – 500°C and ~2.5 GPa and metamorphism 
of brs-omp-gt-zo-mu-rt-qz at ~540°C and ~1.4 GPa.  Barroisite is rimmed by glaucophane in the 
TPC (Laird and Albee, 1981a) and, therefore, a prograde path is shown to connect barroisite and 
glaucophane (Figure 14.11A).  Winchite and/or magnesio-hornblende formed as rims at ~500°C 
and ~1.0 – 0.9 GPa when chlorite and albite were stable.  Actinolite was potentially stable with 
glaucophane in the two-amphibole stability field, omp-gl-act-gt-mu-rt-qz, and/or was stabilized 
later in the history below ~370°C and ~0.3 GPa (Figure 4.11A).  Natotal and AlVI isopleths 
calculated for the Belvidere Mountain pseudosection suggest that winchite enriched in TK 
formed at ~520 – 510°C and ~1.3 – 1.2 GPa when rutile was stable, while magnesio-hornblende 
grew at ~490°C and ~1.0 GPa when rutile was absent (Figure 4.11B).  Actinolite at Belvidere 
Mountain was probably stable at conditions similar to samples B, E, and H due to geometric 
similarity between pseudosections (Figures 4.10 and 4.11B).  Table 4.6 shows PL, TK, and ED 
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values of amphiboles from Tillotson Peak and Belvidere Mountain (Laird et al., 1993) that were 
utilized in geothermobarometric estimates.  Figure 4.12 summarizes pressure-temperature paths 





























Figure 4.10. Pseudosections calculated for Ottauquechee (A), Pinney Hollow (B), and 
Hazens Notch (C) greenstones investigated geothermobarometrically between 0.05 – 2.0 GPa 
and 200 – 800°C. Parageneses mentioned in text are in bold and stability fields separated by thin, 
black lines. Orange isopleths=AlVI; green isopleths=Natotal c=core; r=rim; Rt=rutile. Isopleth 
values labeled as white numbers, with Natotal numbers placed on the lower-value side of the 


























    
            Figure 4.11. Pseudosections calculated between 0.05 – 3.0 GPa and 200 – 800°C for the 
Tillotson Peak Complex (A) and the Belvidere Mountain Complex (B). The labeling scheme and 
abbreviations are the same as in Figure 4.10, with g=glaucophane. Symbols used for the TPC 





          Figure 4.12. Compiled pressure-temperature paths for samples modeled 
geothermobarometrically. Kyanite-andalusite-sillimanite triple point identified (Kerrick, 1990). 
Depth (Km) and pressure (GPa) on the y-axes and temperature (°C) on the x-axis. Besides the 
Tillotson Peak Complex and the Belvidere Mountain Complex, symbols as in previous figures. 
     
          Table 4.6. Compositional data from amphiboles utilized in geothermobarometric modeling 
of the TPC and the BMC. Data from Laird and Albee, 1981a and Laird et al., 1993.   
 PL TK ED 
Tillotson Peak Complex samples    
VLB116A – glaucophane  1.74 1.86 0.004 
VLB116A – barroisite core 0.69 1.68 0.43 
VLB116A – magnesio-hornblende rim 0.46 0.70 0.02 
ABM100 – glaucophane  1.85 1.93 0.003 
ABM100 – barroisite core 0.73 1.50 0.36 
ABM100 – winchite rim 0.55 0.92 0.11 
Belvidere Mountain Complex sample    
VLB231C – winchite core 0.64 1.48 0.41 
VLB231C – winchite core 0.80 1.43 0.22 





Two geochemically distinct groups of subalkaline basalts are observed across the samples 
analyzed.  All Ottauquechee and Stowe samples, and one Pinney Hollow sample, are depleted in 
Zr, Nb, and Ti (Figure 4.2) and display flat to LREE depleted patterns similar to the TPC and 
BMC (Figures 4.5 and 4.6).  The Hazens Notch samples and the other Pinney Hollow sample are 
distinct from the other samples in that they are more enriched in Zr, Nb, Ti, and LREE and are 
relatively depleted in V and Sc (Figures 4.2 – 4.5).  Lower degrees of partial melting may 
explain the incompatible element enrichments in the Hazens Notch samples and in the Pinney 
Hollow sample, while higher degrees of partial melting may have resulted in the relative 
depletion of incompatible elements in the other samples.  Relatively low values of V and Sc in 
the samples more enriched in incompatible elements suggest that garnet may have been present 
in the melt source and partitioned V and Sc preferentially (Canil, 2002; Gaetani et al., 2003; 
Irving and Frey, 1978; Johnson, 1998).   
The geochemical distinction between depleted and enriched samples suggests either that 
two different parental magmas formed the respective samples, the samples were formed from 
one parental magma that retained both depleted and enriched components, and/or the parental 
magma evolved geochemically through time.  Regardless of interpretation, the Ottauquechee and 
Stowe samples crystallized from more depleted melts and the Hazens Notch samples from more 
enriched melts (Figures 4.4 and 4.5).  If differing magmatic sources are assumed for the depleted 
and enriched Pinney Hollow samples, the mafic body from which the samples were collected 
may be a volcaniclastic unit that incorporated variably-sourced basaltic sediment.  If the mafic 
body formed from one parental magma, the melt source itself either varied geochemically or 
141 
 
fractional crystallization resulted in the two geochemically distinct samples.  If fractional 
crystallization was the cause, then the Pinney Hollow sample more enriched in incompatible 
elements crystallized later in the history when the melt was more enriched in incompatible 
elements.  The enrichment of incompatible elements in the Hazens Notch and Pinney Hollow 
samples is distinct geochemically from the Hazens Notch Formation at Tillotson Peak and 
Belvidere Mountain farther north, which are more similar geochemically to rocks from the 
Ottauquechee and Stowe Formations (Figure 4.6).   
The two geochemical groupings are characteristic of the regional geological setting of the 
different mafic and/or greenstone bodies.  The greenstone body from which the Hazens Notch 
samples were collected is in contact with albite-rich rift clastics of the Fayston Formation and 
does not occur in the vicinity of ultramafics (Ratcliffe et al., 2011), similar to the mafic body 
sampled in the Pinney Hollow Formation.  The geochemical enrichment in the Hazens Notch and 
Pinney Hollow samples is consistent with data documented by Coish (2010) throughout the rift 
clastic slices of Vermont that supports emplacement of basalt during continental break-up.  The 
depleted mafic bodies in the Ottauquechee, Stowe, Pinney Hollow, and Hazens Notch (TPC and 
BMC) Formations, on the other hand, are in contact or in the vicinity of ultramafic rocks that 
occur along the trace of the Iapetan suture.  These lithological relationships coupled with tectonic 
discrimination and REE patterns suggest that the depleted samples were formed as mid-ocean 
ridge basalt (Figure 4.4 and 4.5).  The geochemical variation observed in this study fits well into 
the tectonic framework for the northern Appalachians, which involves the generation of the 
Iapetus Ocean basin in the Neoproterozoic and the subduction of the basin in the Early Paleozoic 





 Peak conditions of metamorphism of glaucophane-bearing eclogite in the TPC are 
estimated as 2.5 GPa and 500 – 510°C (Figure 4.12), which is the highest pressure of 
metamorphism recorded of all the samples discussed and, as well, corresponds to the highest 
known pressure of metamorphism in Vermont (e.g. Laird and Albee, 1982a; Laird et al., 1984; 
Laird et al., 1993).   Previous pressure and temperature estimates for mafic rocks in the TPC 
come from garnet-omphacite pairs and range from 1.2 GPa and 520°C to 1.4 GPa and 620°C 
(Laird et al., 1993).  All barroisite analyzed chemically in this research formed at ~1.2 – 1.3 GPa 
and 520 – 450°C, while winchite enriched in TK records comparable pressure and winchite more 
depleted in TK records pressures between ~0.8 – 1.0 GPa.  Using modal space calculations and 
garnet-hornblende pairs, Laird et al., 1993 estimated that Taconian metamorphism of barroisite 
from BMC occurred at ~0.9 GPa and 550 – 650°C.  Geothermobarometric estimates herein also 
indicate that magnesio-hornblende in all samples was metamorphosed between ~0.8 – 1.0 GPa, 
with magnesio-hornblende in sample E formed at ~100°C lower temperature than in other 
samples.  The polymetamorphic pathway of sample E is distinctive from the other samples 
because all amphibole rims are magnesio-hornblende; actinolite overprint of barroisite was not 
identified.  Actinolite compositions preserved in the other samples are consistent with growth at 
or below ~0.3 – 0.4 GPa. 
Eclogite of the TPC experienced roughly isothermal decompression following prograde 
metamorphism of glaucophane after barroisite, with winchite equilibrating along the retrograde 
path and actinolite growing at the end of the retrograde path in the Acadian (Laird and Albee, 
1981a; Laird et al., 1984) (Figure 4.11A and 4.12).  The paths of sample H and Belvidere 
Mountain parallel that of Tillotson Peak from barroisite to actinolite (Figure 4.12).  Furthermore, 
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the path of sample B is parallel to those of sample H, Belvidere Mountain, and Tillotson Peak 
between winchite/magnesio-hornblende and actinolite equilibria.  The path of sample E reflects 
decompression between rutile, barroisite, and magnesio-hornblende parageneses, with more 
prominent temperature decreases than the other samples over the same pressure range (Figure 
4.12).  The similar trends in PL, TK, and ED for amphibole in sample E and sample C suggest 
that the polymetamorphic pathway of sample C would be similar to that of sample E, while the 
same type of reasoning suggests that sample L may have followed a similar path core to rim as 
sample H (Figures 4.7 and 4.8).   
The relatively high pressure results for sample B are surprising in that the amount of PL 
substitution in magnesio-hornblende from that sample is predicted to be consistent with low 
pressure metamorphism (e.g. Laird et al., 1984) (Figure 4.7).  This generates questions regarding 
the relationship between pressure and temperature and the amount of ED substitution in 
amphibole because amphibole in sample B is relatively enriched in ED, but depleted in PL.  The 
reason ED substitution is more prominent than PL in this sample is because M4-sites are 
occupied almost entirely with calcium, leaving very little room for NaM4.  This implies that, in 
addition to PL-rich amphiboles, edenitic amphiboles also have the potential to be stable under 
relatively high pressures. 
Both the bulk chemistry and polymetamorphic pathway of sample E from the Hazens 
Notch Formation are distinctive from the rest of the sample suite.  Sample E is the most enriched 
in incompatible elements of all the samples (Figures 4.2, 4.5, and 4.6), preserves the lowest 
growth temperatures for magnesio-hornblende and barroisite (Figure 4.12), and is the only 
sample that is not overprinted by lower-pressure actinolite.  All the samples depleted in 
incompatible elements trace similarly shaped retrograde metamorphic pathways.  The position of 
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the various samples along the rift system may have dictated partially their subsequent subduction 
and exhumation paths (Figure 4.13), although, the tectonic linkages between geochemical 
variations and metamorphic pathways of mafic rocks in Vermont are still unresolved. 
 
 
Figure 4.13. Iapetan rift system models. A) Potential paleo-geometry of the Iapetan 
Ocean rift-system ~580 – 550 Ma. Model adapted from Doolan et al. (1982) and Burton and 
Southworth (2010) with age constraints from Kumarapeli et al. (1989) and Walsh and Aleinikoff 
(1999). Grey rectangle encompasses the region enlarged in 13B. AM for scale. AM=Adirondack 
Massif; OG=Ottawa Graben; QRE=Quebec re-entrant. B) Cartoon showing potential relative 
positions of samples along the Iapetan rift system in an oblique subduction scenario associated 
with Taconian orogenesis. North arrow indicates present-day north-south configuration of 
subduction zone suture. Small, black arrows indicate direction of transform motion. Symbols as 








Depleted geochemical signals are recorded in mafic rocks of the Ottauquechee, Stowe 
and Hazens Notch Formations along the Iapetan suture, while enriched geochemical signatures 
are preserved west of the suture in greenstones of the Pinney and Hazens Notch Formation that 
are associated with rift clastics.  These geochemical data are consistent with geochemical data 
from greenstones of zones 3 and 4 of Coish (2010), which are interpreted to have erupted during 
Neoproterozoic rifting prior to and during the rift-drift transition leading to the development of 
the Iapetus Ocean basin (Coish, 2010; Coish et al., 2012).  Figure 4.13A depicts a potential 
geometry of the main Iapetan rift system during the Neoproterozoic with respect to the present-
day geometries of the Adirondack Massif, Quebec re-entrant, and Ottawa Graben.  
Potential locations of the mafic bodies studied are superimposed on the cartoon in 4.13B, 
with the more geochemically depleted bodies placed closer to the ridges than the more enriched 
samples. If as rifting progressed the mafic melt source became more depleted in LREE and other 
incompatible elements with increased partial melting, then the protolith of the Hazens Notch 
samples (D, E, and F) crystallized earlier in the rift history than the rest of the sample suite, 
potentially during continental break-up.  The MORB protoliths of the Ottauquechee and Stowe 
samples and of mafic rocks in the TPC and BMC, therefore, would have crystallized later in the 
rift history when the ocean basin was established and partial melting was more prevalent.  
Accordingly, the enriched Hazens Notch greenstone would have been at the edge of the ocean 
basin far from ridges at the onset of subduction, while the Ottauquechee and Stowe samples were 
closer to their eruption sites along the mid-ocean ridge system (Figure 4.13B).  If the mixed 
signal in the Pinney Hollow greenstone results from emplacement during the rift-drift transition, 
as in the Stowe Formation (Coish et al., 2012), then that greenstone body would have also been 
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closer to edge of the ocean basin at the onset of subduction than the depleted samples (Figure 
4.13B). 
The entire Iapetan rift system was eventually subducted to depth in the Early Paleozoic 
and the individual mafic rocks followed unique, but similar, pressure-temperature exhumation 
pathways to the surface (Figure 4.12).  During peak subduction zone metamorphism and 
subsequent decompression, chemically zoned amphiboles grew in the mafic rocks and recorded 
snapshots of the subduction zone conditions at particular points in space and time.  Eclogite in 
the TPC was metamorphosed at pressures up to ~2.5 GPa, while barroisite in the mafic bodies 
exposed south of the TPC formed at pressure up to ~1.4 GPa.  The tectonic mechanisms 
responsible for exhumation of these high pressure mafic rocks in Vermont are discussed in 
Chapter V.  Ultimately, the polymetamorphosed mafic rocks investigated herein preserve 
geochemical and petrological evidence for the generation and recycling of mafic crust during a 










A major outcome of this dissertation research is that the conditions of Taconian 
subduction zone metamorphism have been constrained locally in polymetamorphosed mafic and 
ultramafic rocks throughout central and north-central Vermont.  The polymetamorphic 
retrograde pathways of these rocks can be compared with numerical subduction zone models to 
describe the metamorphic development with respect to tectonic mechanisms.  Specifically, the 
conditions of metamorphism of the mafic and ultramafic rocks studied in this dissertation agree 
well with the lithological and isothermal structure of the numerical subduction zone model in 
Figure 4 of Gerya et al. (2008) (Figure 5.1).  This model portrays the evolution of a subduction 
zone prior to continental collision to investigate the subduction mechanics related to the 
exhumation of ultrahigh and high pressure rocks (Gerya et al, 2008).  This model allows for 
viscous heating, heating from radioactivity, and partial melting, and, as well, employs a 5 
cm/year convergence rate.    
The most prominent aspect of the model is the development of a buoyant, high-
temperature, low-viscosity exhumation channel above the subducting slab (Figure 5.1).  The 
exhumation channel is a mélange of hydrated, low density mantle wedge rocks and partially 
molten sediment and crust that forms as the mantle wedge is dehydrated in the time period 
leading-up to continental collision (Gerya et al., 2008).  Positive buoyancy within this type of 
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channel provides a mechanism for exhumation of high pressure subduction zone fragments 
(Gerya et al., 2002; Gerya et al., 2008; Agard et al., 2009; Hebert et al., 2009).  The proportions 
of different lithologies comprising such a channel will depend of the thermal regime of the 
subduction zone, with more partial melt produced at higher temperatures.  In the absence of 
substantial partial melt, hydrated, low density ultramafic rocks of the mantle wedge will be the 
primary contributors to positive buoyancy, low viscosity, and exhumation within the channel 
(Gerya et al., 2002; Hebert et al., 2009).   
The peak conditions of Taconian metamorphism for the mafic and ultramafic rocks 
studied in this dissertation (Table 5.1) are superimposed on the subduction zone structure 
modeled by Gerya et al. (2008) after 8.9 Ma of shortening (Figure 5.1A).  This particular time 
snapshot is chosen as a reference for peak Taconian metamorphism for the following reasons: 1) 
the conditions of metamorphism of eclogite in the Tillotson Peak Complex (TPC) correspond 
well with a location along the subducting slab; 2) the conditions of metamorphism of the 
ultramafics in Stockbridge, VT intersect the serpentinized region of the model; 3) the conditions 
of metamorphism of the various mafic rocks south of the TPC that are in contact with ultramafics 
(Belvidere Mountain, Bowen Mountain, and Stockbridge) all fall on, or very close to, the 
boundary between the hydrated ultramafics and the exhumation channel (Figure 5.1A).  
Accordingly, all units except the TPC are depicted to have undergone peak metamorphism when 
they were located well above the subducting plate (Figure 5.1A).   
The mafic fragments that retain peak metamorphism consistent with conditions above the 
subducting slab may have been rift basalts of the slab originally, but were ultimately detached 
and incorporated into the low viscosity channel prior to the peak metamorphism they retain.  An 
alternative hypothesis is that these rocks may have been emplaced originally as rift basalts above 
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the slab in a relatively high pressure forearc setting.  Eclogite in the TPC fits a tectonic 
framework involving slab detachment and subsequent exhumation because it preserves peak 
conditions consistent with metamorphism along the slab itself (Figure 5.1A).   
The lower pressure Taconian metamorphism fits well with the subduction zone structure 
modeled by Gerya et al. (2008) after 12.9 Ma of shortening (Figure 5.1B).  The higher pressure 
sample locations depicted in 5.1B are considered Taconian, while the lower pressure locations 
depict the crustal levels of the samples during Acadian metamorphism.  Although Acadian 
metamorphism occurred at a later time period than that depicted in in Figure 5.1B, the samples 
may have reached shallow crustal levels during exhumation in the Taconian and remained in 
place until metamorphism during Acadian Orogenesis.  In the 4 million year period between the 
two time frames in Figure 5.1 the hot exhumation channel becomes more extensive and perturbs 
considerably the thermal regime in the subduction zone.  The retrograde metamorphic conditions 
preserved in the mafic and ultramafic samples are consistent with exhumation to shallower 
crustal levels along the edge of the buoyant channel (Figure 5.1B).   
Tectonic mixing within the exhumation channel provides a mechanism for the assembly 
of the fault-bounded polymetamorphosed ultramafic-mafic-pelitic rock packages in central and 
north-central Vermont (TPC, BMC, and the Stockbridge mélange).  The lithologic packages may 
have formed as high pressure mafic rocks were exhumed from depth and intercalated with pelitic 
sediment, continental crust and hydrated fragments of the overlying mantle wedge.  The 
prevalence of ultramafics and, as well, the lack of partially melted rocks within the TPC, BMC, 
and Stockbridge mélange suggests that hydrated ultramafics, opposed to partial melts, may have 





Figure 5.1. Comparison of conditions of metamorphism for samples in the context of the 
subduction and exhumation model (5cm/yr convergence rate) adapted from Figure 4 in Gerya et 
al. (2008). Present-day north-south spatial distribution of samples is ignored. Vertical and 
horizontal scales in Km. White isotherms are labeled in °C with black numbers. The key 
describes the various color-coded lithologies and samples, with sample locations identified and 
sample numbers in parentheses. Symbols consistent with previous figures. A) 8.9 Ma of 
shortening with peak conditions for each sample plotted. Dark blue arrow projecting from the 
TPC indicates that the TPC eventually became detached from the subducting slab. Black arrow 
shows direction of exhumation in channel. B) 12.9 Ma of shortening with retrograde conditions 










Table 5.1. Summary of estimated peak metamorphic conditions for chemically zoned 
amphiboles in mafic samples modeled geothermobarometrically in this dissertation. Depths 
approximated assuming a lithostatic pressure gradient of 2.7 g/cm3. 
Sample Formation P (GPa) T (°C) Depth (Km) 
B (117) Ottauquechee 0.8 – 0.9  490 – 500 21 ~24  
E (110) Hazens Notch 1.1 – 1.2 ~450 30 ~ 32 
H (107) Pinney Hollow 1.3 – 1.4 500 – 510  35 ~ 38 
2 (9) Ottauquechee ~1.2 ~490 ~32 
3(26) Ottauquechee ~1.4 ~520 ~38 
6(103) Ottauquechee ~0.8 ~550 ~21 
TPC Hazens Notch ~2.5 500 – 510 ~67 
BMC Hazens Notch 1.2 – 1.3 510 – 520  32 ~ 35  
Ultramafics (Ottauquechee) ~2.0 675 – 725   ~54 
 
Potential Future Research 
 The research presented in this dissertation generates further questions regarding the 
lithologic and tectonic development of the Vermont Appalachians during the Neoproterozoic and 
Early Paleozoic.  In particular, the source(s) of the ultramafic belt throughout Vermont is an 
unresolved problem that must be investigated further.  The metamorphic petrology of ultramafics 
in Stockbridge, VT is consistent with a mantle wedge source (Chapter III), while ultramafics at 
Belvidere Mountain in northern VT and ultramafics in East Dover in southern VT are 
interpreted, respectively, as oceanic ophiolite remnants (Doolan et al., 1982) and forearc 
ophiolite fragments (Coish and Gardner, 2004).  This suggests that the ultramafic belt throughout 
Vermont was derived from multiple tectonic environments within a larger rift and subduction 
system.  Whole-rock geochemical studies of the various individual ultramafic bodies throughout 
Vermont may help resolve this problem, as ultramafics derived from the mantle will display 
different geochemical signals from ultramafics formed as part of an ophiolitic sequence (e.g. 
Attoh et al., 2006; Zhang et al., 2011).   
Constraining the tectonomagmatic sources of ultramafics in Vermont will aid in tectonic 
reconstructions of the polymetamorphosed terrane because emplacement mechanisms will differ 
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depending on the lithological and tectonic environment.  Ultramafics of the mantle wedge, for 
example, are exhumed within low viscosity channels above subducting slabs (Geyra et al., 2008), 
while obduction along brittle faults is more important for emplacing ophiolites (van Hinsbergen 
et al., 2015).  Understanding the influences of both obduction- and channel-driven exhumation 
on the emplacement of the ultramafics in Vermont is foundational to placing the conditions of 
subduction zone metamorphism into a petrotectonic (i.e. petrologic-tectonic) framework.   
Whole-rock isotopic data of mafic rocks associated with the ultramafics in Vermont are 
also important tectonomagmatic tracers (e.g. Coish, 2010; Coish et al., 2012).  Coish (1997), for 
example, utilized neodymium isotopes of metamorphosed mafic rocks in Vermont to decipher 
that rocks in north-central Vermont are more similar to MORB than rocks farther west.  Future 
studies regarding the melt sources of mafic bodies in Vermont will benefit from whole-rock 
analyses of both neodymium and strontium isotopes, as these two isotopic systems have proved 
useful in interpreting magmatic sources of metamorphosed mafic rocks in accretionary terranes 
worldwide (e.g. Gómez-Pugnaire et al., 2000; Dai et al., 2008; Utsunomiya et al., 2009).  
Additionally, refining the thermodynamic models for amphiboles in polymetamorphosed 
mafic rocks is an important ongoing petrological problem that is central to developing 
petrologically-based tectonic models for the northern Appalachians.  The determination of 
pressure and temperature conditions of metamorphism for compositionally zoned amphiboles 
preserved in the rock record relies on calculations involving thermodynamic variables.  
Modifications of these variables will, therefore, directly affect pressure and temperature 
estimates.  Research that tests the consistency of observational data of amphibole with different 
thermodynamic models is important for improving the accuracy of thermodynamic variables, 
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which ultimately influence petrologically-based tectonic interpretations of calculated phase 
equilibria. 
 Extending the research approaches presented in this dissertation to early Paleozoic 
terranes in the southern, central, and Canadian Appalachians is critical for constraining fully 
tectonometamorphism during Appalachian orogenesis.  Specifically, constraining the subduction 
mechanisms associated with exhumation of high pressure mafic rocks and ultramafics during the 
Taconian Orogeny will require integration of petrological datasets throughout the orogen.  
Formal comparison of data from the northern Appalachians with data from subduction mélanges 
in the Blue Ridge Mountains (e.g. Willard and Adams, 1994), for example, would be useful for 
understanding Early Paleozoic subduction in the Appalachians.  Additionally, coupling 
petrologic studies with geophysical studies at a regional scale would help in reconstructing early 
Paleozoic Appalachian tectonics, evidence for which is likely preserved in the deep crust and 
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Kakanui Hornblende Standards 
 
Kakanui hornblende electron microprobe analyses in weight percent oxide, with medians, 
averages, and standard deviations calculated for each set of oxide analyses. Analyses numbers 
indicated. 
Wt% 1 2 3 4 5 6 Median Average SD 
SiO2 39.91 39.93 39.89 39.96 40.32 40.49 39.95 40.08 0.26 
Al2O3 14.42 14.37 14.44 14.34 14.59 14.61 14.43 14.46 0.11 
FeOtotal 10.66 10.83 10.62 10.72 10.81 10.65 10.69 10.72 0.09 
MgO 12.59 12.52 12.54 12.44 12.36 12.37 12.48 12.47 0.09 
MnO 0.08 0.08 0.08 0.10 0.06 0.09 0.08 0.08 0.01 
TiO2 4.79 4.86 4.75 4.81 4.79 4.79 4.79 4.80 0.04 
Cr2O3 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.01 
CaO 10.22 10.18 10.34 10.27 10.43 10.44 10.31 10.31 0.11 
Na2O 2.66 2.65 2.67 2.70 2.65 2.67 2.67 2.67 0.02 
K2O 2.04 2.09 2.03 2.07 2.04 2.09 2.06 2.06 0.03 
Total 97.37 97.51 97.36 97.43 98.05 98.20 97.47 97.65 0.37 
Atomic proportion of the major cations analyzed in Kakanui hornblende. 
Apfu 1 2 3 4 5 6 
Si 5.88 5.88 5.88 5.90 5.91 5.93 
Al 2.50 2.49 2.51 2.49 2.52 2.52 
Fetotal 1.31 1.33 1.31 1.32 1.33 1.30 
Mg 2.76 2.75 2.76 2.74 2.70 2.70 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 
Ti 0.53 0.54 0.53 0.53 0.53 0.53 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 1.61 1.61 1.63 1.62 1.64 1.64 
Na 0.76 0.76 0.76 0.77 0.75 0.76 
K 0.38 0.39 0.38 0.39 0.38 0.39 





Whole-rock major element analyses of BCR-2 standards in weight percent oxide, with the 
median, average, and standard deviation (SD) calculated across 4 samples for each oxide. 
GeoReM values (Jochum et al., 2005) are included for reference.  
Wt% GeoReM 1 2 3 4 Median Average SD 
SiO2 54.10 53.90 53.78 52.95 54.38 53.84 53.75 0.59 
TiO2 2.26 2.31 2.31 2.33 2.31 2.31 2.32 0.01 
Al2O3 13.50 13.50 13.54 13.74 13.46 13.52 13.56 0.12 
Fe2O3 total 13.80 13.9 13.87 14.29 13.89 13.90 13.99 0.20 
MnO 0.20 0.21 0.20 0.17 0.19 0.20 0.19 0.02 
MgO 3.59 3.67 3.67 3.81 3.52 3.67 3.67 0.12 
CaO 7.12 7.20 7.18 7.30 6.96 7.19 7.16 0.14 
Na2O 3.16 3.20 3.26 3.25 3.16 3.23 3.22 0.05 
K2O 1.79 1.80 1.81 1.79 1.79 1.80 1.80 0.01 
P2O5 0.35 0.31 0.37 0.36 0.34 0.35 0.35 0.03 
Total 100.00 99.99 99.99 100.00 100.00 100.00 100.00 0.01 
Whole-rock minor and trace element analyses of BCR-2 standards in part per million, with 
statistical values and GeoReM values noted. 
ppm GeoReM 1 2 3 4 Median Average SD 
Sc 33 33 33 33 34 33 33 0.67 
V 416 489 425 422 434 429 442 31.40 
Cr 18 19 20 20 8 20 17 6.02 
Co 37 40 41 41 37 41 40 2.01 
Ni 30 97 42 42 32 42 53 29.56 
Cu 19 20 19 19 17 19 19 1.44 
Zn 127 159 126 125 116 126 132 18.75 
Sr 346 350 343 341 347 345 345 4.08 
Y 37 33 33 33 37 33 34 1.84 
Zr 188 214 200 199 187 199 200 10.87 










JA-1, JR-1, and JB-2 Known Unknowns 
REE analyses (ppm) of known unknowns JA-1, JR-1, and JB-2. GeoReM values (Jochum et al., 
2005) included for comparison. 
ppm JA-1  JR-1  JB-2  
 GeoReM Analyzed GeoReM Analyzed GeoReM Analyzed 
La 4.4 – 5.7 3.29 15.9 – 32.0 9.28 2.0 – 47.0 0.93 
Ce 10.8 – 14.8 9.14 31.0 – 52.3 22.21 6.0 – 92.4 2.89 
Pr 1.9 – 2.2 1.34 5.0 – 6.4 2.94 1.0 – 1.1 0.42 
Nd 10.0 – 11.7 6.7 20.3 – 27.0 11.88 4.0 – 43.0 2.28 
Sm 3.2 – 3.6 2.11 3.9 – 6.7 2.94 1.6 – 10.3 0.78 
Eu 0.9 – 1.3 0.62 0.1 – 0.6 0.14 0.8 – 1.9 0.26 
Gd 3.7 – 5.0 2.58 4.5 – 6.2 2.86 2.6 -10.8 0.96 
Tb 0.6 – 0.8 0.46 0.9 – 1.2 0.50 0.3 -2.5 0.18 
Dy 3.9 – 5.6 2.94 5.4 – 7.5 3.13 3.3 – 12.4 1.18 
Ho 0.9 – 1.1 0.61 1.0 – 1.8 0.67 0.7 -2.6 0.25 
Er 2.6 – 3.7 1.88 3.4 – 4.8 2.08 2.2 -7.5 0.73 
Tm 0.4 – 0.5 0.28 0.6 – 0.8 0.35 0.2 -1.1 0.11 
Yb 2.7 – 3.2 1.93 3.8 – 5.6 2.39 2.1 – 7.2 0.72 
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